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Desorption process consumes the most energy is an adsorption cycle. Reduction in 
energy consumption during this process can be achieved by enhancing the adsorption 
system’s performance. Conventionally, energy required for desorption is thermally 
transferred by the temperature gradient between the energy source and adsorbed 
system. Unfortunately, common adsorbents have high thermal resistances which affect 
performance of adsorption system. This study proposed a novel energy transport 
method transferred by electromagnetic activation rather than the conventional thermal 
activation.    
 
In order to achieve in-depth understanding of this electromagnetically transporting 
method, a theoretical framework for mass and energy transport was studied with 
microscopic control volume approach. A universal mass transport equation was 
derived from the Reynolds transport theorem and momentum equations. Model 
equations for various types of adsorption operations (constant adsorbate concentration 
or dynamic adsorbate concentration) can be derived by using this general mass 
transport equation. For the development of energy transport equation, potential energy 
flux term (ΣJk.Fk) and microwave energy conversion ratio (φ) terms was integrated to 
the conventional energy balance equation to distinguish the microwave-activated 
desorption and conventional microwave heating. 
 
Extensive experimentations were carried out to understand microwave-activated 
desorption and microwave irradiation. Interaction of materials with microwave 
irradiation is normally characterised by the permittivity property of the materials.  
- vii - 
 
Permittivity of the type RD silica gel adsorbent is measured using the Open Co-Axial 
Probe method. These measurements are vital in simulating the microwave activation 
process. The experiment of microwave-activated desorption was also carried out by 
using two different dielectric material adsorbents (FAM-Z01 zeolite and type RD silica 
gel) to study the difference between thermal and electromagnetic activations. 
Experimental analysis validated that the activation energy, ∆Ea, of desorption 
(physical reaction) due to microwave activation is lower than thermal activation. 
Conventional kinetic desorption could not be applied in microwave-activated 
desorption simulation because this kinetic is related to ∆Ea which changes under 
microwave irradiation. For this reason, the empirical relation between electric field 
intensity and the rate of temperature increase as well as desorption rate were 
empirically obtained. In order to analyze the effect of conducting metal embedded 
inside the adsorbent for design of microwave-activated adsorbent bed, numerical and 
experimental studies were carried out. Based on this analysis result, a parallel fin-tube 
adsorbent bed was proposed for the microwave-activated adsorption chillers system.  
 
Finally, numerical analysis for microwave system was carried out by using Maxwell’s 
wave propagation equation.  Based on the simulation input parameters and empirical 
equations, non-uniform (lump distributed) model of microwave-activated adsorption 
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The term “adsorption” was firstly coined by Kayser in 1881, and this process 
continues to play an important role in various industries applications. Among these 
various applications, thermally activated adsorption cooling/heating cycle has received 
much attention again due to their benign effects on the environment, specifically with 
their zero ODP (Ozone Depletion Potential) and zero GWP (Global Warming 
Potential). This adsorption cooling/heating system has been studied and investigated 
by many researchers with various adsorbent - adsorbate pairs [Worsoe (1983), 
Tchernev (1988), Cacciola (1994), Ng (2005)]. All these studies highlighted that 
thermally activated adsorption cycles have relatively low coefficient of performance 
due to porous structure of adsorbent, high thermal resistance between adsorbent and 
metal tube/fin, and negative effect of endothermic heat (Hads). Numerous researchers 
are trying to improve the performance of adsorption cycle by the enhancement of heat 
and mass transfer rate in various ways such as consolidation of adsorbent, 
modification of heat exchanger, coating of the adsorbent particles, and etc. [(Pons 
(1983), Douss (1988), Shelton (1990), Yanagi (1997), Guilleminot (1997), Lijun 
(1999), Marletta (2002)]. Despite the improvements, the mass and heat transfer 
resistance is still a major obstacle to the performance improvement of an adsorption 
machine. To overcome the barrier of thermal resistance, this study proposes 
electromagnetically-activated desorption process for the adsorption system instead of 
thermally-activated with an externally supplied heat source.  
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1.1.  Factors in Microwave-Activated Desorption  
 
In a conventional thermally-activated adsorption system, the energy required for 
desorbing the adsorbate molecules is transferred by the temperature gradient of the 
medium from the energy source to the objective adsorbed system. Unfortunately, most 
of the adsorbents have low thermal conductivity and porous structure, which 
contributes to high thermal resistance that causes low performance of system. On the 
contrary, in a microwave activated-desorption, the energy is transferred by 
electromagnetically, and it can pass through or is transparent to any low dielectric 
medium. Most common adsorbents such as silica gel, DAY zeolite (Dealuminized-Y-
zeolite), and activated carbons have low dielectric property (complex permittivity) 
which causes long penetration depth for microwave irradiation, implying that, they are 
transparent in microwave propagation. In addition, adsorbates, such as water, have 
high dielectric constant that absorbs strongly the microwave energy. Therefore, the 
energy required for desorbing the adsorbate molecules (water molecules) can be 
electro-magnetically transferred directly to the objective adsorbed system (which 
includes adsorbate water molecules and adsorbent’s surface) through the transparent 
adsorbent medium (Transparent Adsorbent: DAY Zeolites and Transparent 
Adsorbate: Argon, Carbon tetrafluoride (CF4), Carbon Tetra Chloride 
(CCl4),Propane (C3H8), both adsorbent and adsorptive are unable to absorb the 
microwave power so that such a working pairs are not suitable for microwave 
activated adsorption cycle) . As a result, using microwave activation can overcome the 
resistance “bottle neck” between the energy source and the objective adsorbed system. 
Furthermore, it can shorten the process time, and resulting on energy saving and many 
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other advantages. This is the first motivation factor to study the microwave-activated 
desorption for adsorption cooling system. 
 
The second factor is the decreasing of activation energy, ΔEa, of physical reaction 
under microwave activation. The experimental analysis, which conducted by Lewis 
(1992), proved that the activation energy of the chemical reaction under microwave 
irradiation could decrease from 105 to 55 kJ/mol. This phenomenon is similar to a 
desorption process which is a physical reaction and that is weaker than chemical 
reaction. This decreasing the activation energy can contribute to faster reaction 
(desorption) rate, and consequently it can enhance the performance of the adsorption 
cycle. This is one of the merits of using the microwave-activation method. 
 
The third factor is the effect of metal fin-tube which is embedded in an adsorbent bed 
under microwave irradiation. The conducting metal under the high electromagnetic 
field intensity creates the high surface electric current that causes voltage breakdown, 
and it can damage the adsorbent bed. However, the proper design of fin-tube and under 
low electromagnetic field intensity can enhance the microwave energy absorption. 
This phenomenon is observed in the experiment of the thesis (Section 4.6).  
 
With these advances, the microwave-activated adsorption cooling/heating system 
would become economically and technologically competitive for future applications of 
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1.2.  Objectives of the Present Study  
 
The aim of the current work is to develop an in-depth understanding of the microwave-
activated desorption process, which enables an improvements in the design and 
operation of microwave-activated adsorption cooling systems. Therefore, the 
objectives of the present study are: 
(1)  To gain in-depth understanding of the desorption process under microwave 
Irradiation, 
(2) To develop a numerical model for microwave-activated adsorption cooling 
and optimize the cooling performance with varying irradiation time, 
(3) To improve the numerical model by employing a dynamic heat transfer 
coefficient and non-uniform (lump distributed) model instead of the 
conventional single lump model, and 
(4) To design a proper adsorbent-heat exchanger bed for microwave-activated 
adsorption cooling. 
 
1.3.  Scope of the Present Study  
 
To achieve the above-mentioned objectives, a theoretical and experimental study is 
carried out with the following scope:   
For the first objective,  
(1) experiments are conducted to investigate the desorption process of different  
adsorbents with different dielectric properties under microwave irradiation.  
(2) experiments are conducted to analyze the thermal physical property change   
(ΔEa, activation energy) under microwave irradiation. 
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For the second objective,  
(3) the real and imaginary parts of the complex permeability of Type RD silica 
gel block with various moisture contents are to be determined - the 
permeability is an essential parameter for simulating the electromagnetic 
field intensity of the system. 
(4) the function of an applicator to achieve multimode resonances is to be 
simulated along with the coupling of waveguide and applicator (to optimize 
maximum energy transfer) using the commercially available simulation 
software HFSS® (high frequency structural simulator).      
(5) simulate the electromagnetic field intensity in the wave guide of the model 
using Matlab program code. 
(6) investigate the empirical relations of the electric field intensity with 
temperature and desorption rate, for use in the simulation model.  
For the third objective, 
(7) the algorithm of the simulation model for the microwave-activated 
adsorption chiller system is developed in the platform of the fifth order 
Gear’s differentiation formula (GDF) method from the IMSL Numerical 
Library of the FORTRAN Developer Studio software.   
For the fourth objective,  
(8) the effect of the metal fin-tube embedded in the low dielectric material 
(adsorbent) on  microwave energy absorption are determined numerically 
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1.4.  Organization of the Thesis  
 
Chapter 1 describes the objectives and scope of the thesis. Chapter 2 presents a 
comprehensive review of the literature on key issues and findings on adsorption 
cooling, microwave irradiation and simulation of microwave applications. Chapter 3 
presents a theoretical framework for mass and energy transport developed for use with 
microscopic control volumes. The first half of this chapter describes the derivation of 
general conservation equations. The second part of this chapter discusses the fact that 
according to the dielectric properties of adsorbent and adsorbate, microwave energy 
can be transformed into totally or partially thermal and potential energy flux. In 
conclusion of this chapter, mass transport equations for various adsorption operations 
and the characteristic of microwave energy conversion based on the properties of 
adsorbent and adsorbate are tabulated. Chapter 4 reports the experimental analysis on 
microwave irradiation, explores more in-depth understanding of the electro-
magnetically desorption process. Firstly, this chapter presents the measuring of the real 
and imaginary part of permittivity of the silica gel type RD block with various 
moisture contents. This measuring is used the open-end coaxial probe method, and the 
measured value was applied in HFSS® (high frequency structural simulator) 
simulation to optimize the multimode resonant cavity with the presence of a work load 
(adsorbent bed). This study also presents the experimental analysis of microwave-
activated desorption process by using two adsorbents of different permittivity values in 
the same electric field intensity. This chapter also describes the experiment that 
evaluates the change of thermal physical properties under microwave irradiation. The 
evaluation of empirical equation, the relation of electric field intensity versus 
desorption rate and temperature increasing rate, is also presented. Finally, this study 
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presents the simulation and experimental analysis of the effect of conducting material 
inside workload under microwave irradiation. Chapter 5 presents the facets of analysis 
for the optimum design of the microwave applicator and a wave guide as well as it 
describes the simulation model of the microwave-activated adsorption chiller system 
using non-uniform (lump distributed) method. The first part of this chapter discusses 
about the fundamental aspects of electromagnetism and derivation of electromagnetic 
wave’s propagation equation. Based on the analytical solution equation of the wave’s 
propagation equation, the selection of wave guide is carried out. The dimension of 
applicator and the coupling of waveguide with applicator are simulated with the 
commercial simulation software HFSS® (high frequency structural simulator), and the 
results are discussed. Furthermore, this chapter presents microwave-activated 
adsorption chiller model with non-uniform (lump distributed) model, and discusses 
about the results of parametric study. Finally, the major contributions of the present 
study and some recommendations for the future work are summarized in Chapter 6. 




 Literature Review 
 
2.1. Introduction  
 
The first part of this Chapter describes the fundamentals of adsorption and their 
various industrial applications. This study emphasizes on the characteristics of the 
adsorption working pair since it plays a critical role in the performance of an 
adsorption cooling system. The enhancement of the adsorption cooling performance is 
also reviewed. In the second part of this Chapter, literature on the behavior of various 
materials under the microwave irradiation is reviewed. The classifications of 
microwave frequencies are presented. In the application of microwave irradiation the 
interaction between electromagnetic wave and dielectric material is an utmost 
importance, thus extensive analysis was conducted on the measurement methodologies 
of the adsorbent’s dielectric property. The effect of microwave irradiation on the thermal 
physical properties of materials and the influence of workload geometry under 
microwave irradiation is described. Finally, an investigation of the modelling and 
simulation techniques of microwave and adsorption cooling system are presented. 
 
2.2. Adsorption Process   
 
The term “adsorption” was applied to describe the observations of gases accumulation 
on free surfaces of adsorbent and to make a contrast between this observation and 
gaseous absorption where the gas molecules penetrate into an absorbing substance 
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(Tien, 1994). It is apparent that the adsorption process is a surface phenomenon where 
gases molecules moved onto the adsorbent surface driven by the concentration 
difference between the surface and surroundings. The accumulating gases molecules 
on the surface are held by the adsorption force that is the sum of all interactions forces 
which includes Vander Waals Force (McBain, 1932, Ruthven, 1984). These gaseous 
molecules on the surface are called the adsorbate, and the solid substance where the 
adsorption process take place on its surface is called adsorbent.  
        
This adsorption plays an important role in the field of engineering, namely; (i) 
chemical industries (King, 1980), (ii) environmental pollution control (Demarco, 1983) 
and (iii) an efficient energy utilization systems such as waste heat recovery, and solar 
energy powered cooling or heating system (Worsoe, 1983, Tchernev, 1988, Cacciola, 
1994, Ng, 2005). In the chemical industry, adsorption is regarded as a useful 
separation method for purification or bulk separation of new material production 
processes such as cracking and striping processes in petrol chemical plants (Tien, 
1989). In the field of environmental pollution control, adsorption is utilized as a filter 
that removes toxics and hazardous gas (Weber, 1984). In the area of waste heat 
recovering, the low grade waste heat can drive an adsorption-cooling cycle to deliver 
useful cooling and heating output (Ng, 2001, Saha, 1995, Sato, 1984, Sun, 1995). 
Among all these various applications, the adsorption-cooling system has again 
received much attention due to its minimum environmental impact. Despite the fact 
that this process was firstly studied and built around in the early nineteen century, the 
use of adsorption cooling system was not wide-spread because of its low Coefficient of 
Performance. Today, vapor compression cooling systems are widely used because of 
its high Coefficient of Performance and compactness. However in the present context, 
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CFC-based vapor compression cycles are questionable due to the environmental 
considerations. Hence this solid-vapor adsorption cooling system is again studied by 
many researchers and has started to develop many novel ideas for performance 
enhancement (Pons, 1983, Douss, 1988, Shelton, 1990, Boelman, 1997).  
 
One of the key parameters in the study of adsorption systems is the vapor uptake 
which is the amount of adsorbate an adsorbent can accumulate at equilibrium.  The 
amount of uptake is an important characteristic and plays a central role in the design of 
these systems. When an adsorbent is exposed to an adsorbate medium at a given 
temperature adsorption will occur. After a sufficient duration, the mass transfer 
between the adsorbent and the surrounding medium reaches equilibrium, wherein there 
is no occurrence of adsorption or desorption. This state is called the adsorption 
isotherm equilibrium. Brunauer, (1945) has categorized the adsorption isotherm 
equilibrium into five types based on the structure of adsorbent, adsorbate molecules 
size and shape of isotherm curves. The isotherm of a microporous adsorbents with 
small pores that is not significantly bigger than the molecular diameter of the adsorbate 
is Type I isotherm. Type II and III isotherms represent the adsorption equilibrium for 
adsorbent that has a wide range of pore sizes such that adsorption may extend from 
monolayer to multilayer and ultimately to capillary condensation. Type IV isotherm is 
considered to be the adsorption process with the formation of two surface layers. Type 
V isotherm is found in the adsorption of water vapor on activated carbon. 
There are four different approaches to establish isotherm equations from equilibrium 
data gathered experimentally (Tien, 1994) namely: (i) Thermodynamic theory 
approach; this theory is derived from Gibb isotherm equation and known as Henry’s  
law or the linear isotherm equation, (ii) Kinetic theory approach; the simplest and by 

















Figure 2.1. Four different approaches to establish isotherm equations (a) Kinetic 
theory approach  (b) Thermodynamic theory approach (c) Potential theory 
approach (d) Capillary condensation theory approach. 
 
far the most widely used expression for physical adsorption (or even chemical 
adsorption) from either gas or liquid solution is the kinetic theory approach equations 
(e.g. Langmuir equation, Freundlich Equation and Toth equation), (iii) Potential 
theory approach; this theory postulates an adsorption space in the vicinity of the 
adsorbent surface and an adsorption potential which is equal to the reduction in the 
potential energy of adsorbate molecules relative to that in the bulk gas phase. Some 
potential theory approach equations are Dubinin’s, D-A, D-R equations (Dubinin, 
1975). (iv) Capillary condensation theory approach; the capillary condensation 
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Surface concentration of unoccupied  Γu = Nu /Au 
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(a) Kinetic approach 
 





The adsorbate molecules close to the adsorbent 
surface feel adsorption potential (ε ).  
Volume of adsorption space V is function of (ε ). 
 
(d) Capillary condensation  theory approach 
 





In the capillary condensation, a Liquid which wet 
the surface has a lower vapore pressure than that in 
the normal bulk phase. 









SYSTEM A  = SYSTEM B 
 
- 12 - 
 
theory attributes adsorption to the condensation of gas adsorbates in the capillaries of 
adsorbents. It has long been known that a liquid which wets the surface of a capillary 
has a lower vapor pressure than that in the normal bulk phase. These various 
approaches provide model equations to obtain a good agreement between experimental 
data and equilibrium isotherm equation. 
 
2.2.1.  Adsorbent-adsorbate working pair for adsorption cooling   
           system 
 
Another key parameter in the process of adsorption is the characteristic of adsorbent-
adsorbate working pair. In general, there are two types of adsorbents (Kent, 2001) 
namely; (1) adsorbents of inorganic material type such as aluminas, silicas, and 
zeolites, (2) organic material type adsorbents which are synthetic or naturally 
occurring such as activated carbon, and polymer. The entire range of adsorbent types 
will be studied with the exception of aluminas and polymers due to its low surface area 
(e.g. 200 to 400 m2/g) and high cost (ten times the price of conventional adsorbate), 
respectively. The focus will be on the silicas (Type RD silica gel-water, Type A silica 
gel-water), zeolites (ZeoliteY-water, ZeoliteA-water), and activated carbons (Activated 
Carbon Fiber ACF15/20–Ethanol, Maxsorb II Activated Carbon-R134a, Maxsorb III 
Activated Carbon-R134a , Chemviron-R134a , Fluka-R134a, Maxsorb III Activated 
Carbon- n-Butane). 
 
Silica type adsorbents (Inorganic material type); the highest capacity adsorbent 
available today is a porous, granular, amorphous form of silica gel, synthetically 
manufactured from the chemical reaction between sulfuric acid and sodium silicate. 
The internal structure of silica gel is composed of a vast network of interconnected 
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microscopic pores which attract and hold water, alcohols, hydrocarbons and other 
chemicals by the phenomena known as physical adsorption and capillary condensation. 
In this analysis, silica gel type A-water and silica gel type RD-water working pairs are 
selected to analyze, and their equilibrium isotherm equations are fitted with Toth 
equation (Tóth, 1971, Suzuki, 1990, Cho, 1992, Boelman, 1995, Ng et al., 2001, Wang 
et al., 2007). Isotherm equations [row 1, column 7] and its parameters are listed in 
Table 2.1.    
                        
Zeolite type adsorbent (Inorganic material type); is made from inorganic material 
which is inherently crystalline and exhibits micropores with crystals having uniform 
dimensions. The micropores are so small and uniform that they nearly have identical 
molecule size. Thus they have been called “molecular sieves”.  For a comparative 
analysis, thermal physical properties of some zeolite-water working pairs was gathered 
from the literature. The isotherm equilibrium equation is expressed with Dubinin-
Radushkevich D-R model equation, and their parameters are listed in the Table 2.1. 
 Activated carbon type adsorbent (Organic material type). Among the different 
organic adsorbents, the activated carbon adsorbent is widely used in petrochemical 
industry and many other separation processes. In recent years, activated carbon 
adsorbents are gaining much attention in the field of adsorption cooling/chiller due to 
its high pressure working condition which basically eliminates the difficulty of 
operating at sub-atmospheric conditions which is the case for silica-water and zeolite-
water adsorption chillers. Another reason for its popularity is its large surface area 
available for adsorption. To compare it with different adsorbents, character 
performance of Activated Carbon Fiber ACF15/20–Ethanol, Maxsorb II Activated 
Carbon-R134a, Maxsorb III Activated Carbon-R134a, Chemviron-R134a, Fluka-
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R134a are gathered from literature and data for Maxsorb III Activated Carbon- n-
Butane was acquired from the experimental data. Its isotherm equilibrium is in the 
form of D-R equation and Langmuir equation (Table.2.1). 
  

















This adsorption cooling system has been studied and investigated by many researchers 
with various adsorbent - adsorbate pairs. The performance of many adsorbent –  
Adsorption cooling system has been studied and investigated by many researchers with 
various adsorbent - adsorbate pairs. The performance of many adsorbent - adsorbate 
pairs, such as activated carbon - methanol (Pons and Guilleminot, 1986, Douss and 
Meunier, 1988), zeolite -water (Suzuki, 1990, Lang et al., 1999, Moise et al. 2001), 

















































Type A-water Ng et al., (2001)  4.65 x 10
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Type RD-water Ng et al., (2001) 7.3 x 10
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ACF 20-ethanol El-Sharkawy et al., (2006) 0.797 1.716 x 10
-6 2 
ACF 15-ethanol El-Sharkawy et al., (2006) 0.570 1.067 x 10
-6 2 
Maxsorb II -R134a Loh et al., (2009) 0.890 1.321 x 10-6 1.37 
Chemviron -R134a Akkimaradi et al., (2001) 0.330 1.533 x 10
-6 2 
Fluka -R134a Akkimaradi et al., (2001) 0.520 1.77 x 10
-6 2 
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activated carbon - ammonia (Miles and Shelton, 1996), silica gel - water (Boelman et 
al. 1997; Ng et al. 2001, Cho, 1992), monolithic carbon–ammonia (Tamainot-Telto 
and Critoph, 2004) have been investigated over a wide range of heat source 
temperatures. 
 
Loh et al. (2009) conducted a comprehensive parametric analysis on working pairs at 
various regeneration and evaporation temperature. According to his theoretical 
analysis, ACF 15-Ethanol can achieve the highest specific cooling effect (SCE) of 344 
kJ/kgadsorbent which is followed by the silica gel-water pair 217 kJ/ kgadsorbent . From the 
aspect of performance, silica gel-water working pair can offer the highest COP. 
Furthermore, for microwave regeneration of silica gel, it is considered to be partially 
transparent from microwave propagation, which can contribute to the enhancement of 
energy transfer from the microwave source to the adsorbate (e.g water molecules). For 
these reasons, silica gel and water was employed as the working pair for microwave-
activated adsorption cooling system. Mathematical modeling of this system is 
conducted to justify its enhanced performance.   
 
The thermal properties of the working pair (Adsorption heat Hads, Uptake amount q*, 
isotherm equilibrium) strongly influence the performance of an adsorption system, the 
selection of working pair for a sorption process is crucial in the design of adsorption 
chiller system to achieve higher COP. The characteristics of the working pair are 
typically described by equilibrium isotherm equations. However, this may not be 
equally applicable for working pairs for microwave-activated adsorption cooling 
system, as the physical mechanism involve is not similar to the conventional process 
(in the conventional process energy is thermally transferred, but for microwave-
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activated desorption energy is transferred electro-magnetically). For this reason, the 
characteristic of working pair under microwave irradiation will be analyzed and 
discussed in Section 3.4, and 4.5.   
 
2.2.2.  Enhancement of the adsorption chiller performance  
 
Adsorption process is widely used not only in separation industry but also in thermal 
applications that use low grade heat sources (solar energy and waste heat). The 
adsorption cooling system has a number of merits, being an environmentally friendly 
system, having less moving parts, and no solution pump. Furthermore, it can perform 
using low grade heat source (Meunier, 1998). However, the recognized drawback of 
adsorption cycles is that the heat and mass transfer rates of the adsorbent bed are low 
this is due to inherent low thermal conductivity of adsorbent pellets and high contact 
resistance between pallets and metal tube/fin (Lijun et al. 1999, Marletta et al. 2002). 
Hence numerous researchers have attempted enhancing the performance of adsorption 
cycle by finding the optimum operating condition using various numerical modeling 
methods and enhancing the adsorbent bed design to improve the heat and mass transfer 
rate. For example, Boelman et al. (1995) investigated the optimum operation condition 
such as optimum switching time and adsorption/desorption time based on COP versus 
cooling load and cycle time, and  Ng et al. (2006) developed the multi bed adsorption 
chiller system to improve the coefficient of adsorption process. Furthermore, Lijun et 
al. (1999) developed adsorbent particle coated by thin good thermal conducting net on 
the surface of adsorbent to improve rate of heat transfer. Yanagi et al. (1997) 
introduced a new idea of consolidated adsorbent bed – heat exchanger. Guilleminot, et 
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al., (1997) proposed a new design of adsorbent bed-heat exchanger built with 
combining of composite of consolidated powder and metallic foam.   
 
However, these studies that aspire to improve the performance could not achieve a 
significant increase in COP because the heat and mass transfer resistance remains as a 
bottle neck.  To overcome this hurdle we propose a novel adsorption cooling system 
using microwave irradiation.  
 
2.3.  Modelling of Microwave-Activated Adsorption Cooling  System    
 
2.3.1. Microwave frequency ranges 
 
 Nowadays, microwave is widely used not only in the field of communication but also 
in the medical industry, material sintering process, in food industry, in drying industry 
because of its energy saving potential, reducing the processing time and many other 
advantages. The microwave frequency is part of the electromagnetic wave spectrum 
(Figure 2.2). The frequency range of microwave or radar is between 300 MHz and 300 
GHz, which is located between the radio frequency range and infrared region. 
However, a certain range of microwave or high frequencies that are allowed to be used 
for heating in Industrial, Scientific, and Medical applications, the so-called ISM 
frequencies (Buffler, 1993). Among these frequencies, only 2450 MHz is commonly 
used in microwave heat processing in Europe, while 915 MHz dominates in America 
and 896 MHz in the UK. Higher frequencies for heating purpose are not in active use. 










Figure 2.2. Wave lengths and frequencies of electromagnetic spectrum. 
 
2.3.2.   Material properties interacting with electromagnetic wave 
 
The properties of permittivity (ε =ε'+jε") for dielectric materials and conductivity (σ) 
for metal are prime factors to describe how materials interact with electromagnetic 
radiation. The real component of the permittivity, known also as the dielectric constant 
(ε'), is related to the capacitance of a substance’s ability to store electrical energy (for 
vacuum ε'=1). The imaginary component, the dielectric loss factor (ε"), is related to 
dissipation of energy due to various mechanisms and is usually much smaller than ε'. 
The most prominent loss mechanism at microwave frequencies is oriental polarization 
mechanism (dipolar alignment polarization) that is due to the re-orientation of permanent 
dipole in their structures which was first formulated by Debye, (1929), who was 
studying the behavior of dipolar liquid (Metaxas, and Meredith, 1983). Ionic or 
displacement polarization mechanism due to the separation of positive and negative ions 
in the molecules contributes to the dielectric loss factor in the infrared frequencies 
(Metaxas, 1996). Atomic or electronic polarization occurs at ultraviolet region 
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frequencies. The atomic nucleus is positive and fixed in the matrix of the dielectric 
material. A cloud of negatively charged electrons surrounding the central nucleus is 
displaced in the direction of the applied field (Thuéry, 1992). Fitzgerald, (1999) 
arranges the order of this polarization according to their mass and frequency effect. The 
order is that Atomic or electronic polarization is for lightest mass and highest natural 
frequency in ultraviolet region, Ionic or displacement polarization is for medium mass 
and infra red frequency region, and oriental polarization (dipolar alignment polarization) 
is for microwave frequency and heaviest mass. In order to achieve higher polarization 
which contributes to get effective electromagnetic wave application, an appropriate 
frequency is required to coincide with work load structure and their molecular mass. In 
this study, the silica gel-water working pair was selected to simulate the model of 
adsorption cooling system at frequency 2.45 GHz. In this working pair, the absorption 
of microwave energy is mainly governed by the water adsorbate rather than silica gel 
adsorbent because silica gel has very low dielectric properties (Von Hippel, 1954) that 
may lead to less energy absorption. However, the water molecule can absorb 
electromagnetic wave energy because of its dipolar alignment polarization. This 
polarization is caused by asymmetric structure configuration of water molecule in 
which the two hydrogen atoms and one oxygen atom are formed V in shape by the 
molecular attractive force. The angle between the two attractive arms of hydrogen 
atoms which join to the oxygen atom is 105⋅, and the distance O-H is 0.96 A⋅ (Mssaieu, 
1966). Hence, this working pair, silica gel–water, is the ideal material combination for 
the effective absorption of electromagnetic energy in microwave frequency range.        
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 2.3.3.   Measuring method for complex permittivity  
 
As mention above the previous article, the knowledge of dielectric properties is 
necessary to know about the material which is suitable for a specific application. For 
this reason, measuring the dielectric properties of materials is highly critical to the 
absorption of electromagnetic wave energy. Methods of measuring these properties 
vary even in a given frequency range. Even though there are numerous methods to 
measure the dielectric properties, all these methods are based on two measuring 
techniques namely; reflection/transmission coefficient and resonance frequency 
(Engelder and Buffler, 1991). In the first technique consist of lumped capacitance 
circuit method, free space method, transmission line method, Time domain 
spectroscopy (or reflectometry) method, and open-end coaxial probe method. The 
resonant cavity method (Perturbation method) is in the second case.    
 
The resonant cavity method (Perturbation method) is based on the fact that when a 
small sample material is introduced into the resonant cavity, it can cause a slight shift 
in the resonant frequency fr and quality factor Qr compared to that of an unload 
(empty) cavity (ASTM,1971). From these two parameters measured by network 
analyser, the complex permittivity (dielectric properties) can be calculated by using 
special computer software. This commercial system can be available from Hewlett-
Packard. This method which has overall accuracy of ± 2~3% (Ohlsson, 1989) is suited 
to measuring the material which has low-loss dielectric property (Kent, M. 1987; 
Hewlett-Packard, 1992). This method is also easily adaptable to high (up to +140ºC) or 
low (-20ºC) temperatures (Risman and Bengtsson, 1971, Ohlsson and Bengtsson, 
1975). The measurement frequency range is from 50 MHz to over 100 GHz and this is 
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one of the most commonly used measuring methods. However, this method required 
precise sample shape and each cavity needs calibration. The resonant cavity systems 
restrict the measurements to a single frequency but, on the other hand, the ISM band 















Figure 2.3 Schematic diagram of various permittivity measuring methods (a) 
open-end coaxial probe (b) transmission line methods (c) resonant cavity method 
(Perturbation method) (d) lumped capacitance method. 
 
The lumped capacitance method was firstly proposed by Roberts, and Von Hippel, 
(1946), and for several decades many researchers have used it to measure various 
materials (Stuchly, 1974, Rzepecka, 1975, Iskander, 1978, Lian, 1990). A wave 
generator transmit wave of a given frequency into one end of a closed rectangular 
wave guide. The wave is reflected by the metallic boundary at the other end. Standing 
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waves are set up and can be measured by a probe detector moving along a slot on the 
rectangular wave guide parallel to its axis. The sample is inserted in the closed end of 
the pipe opposite to the transmitter, filling the volume to a height. Complex 
permittivity can be calculated from the ratio of the electric field strength in node and 
antinode Emin/Emax and the distance of the first node from the surface of the sample. It is 
the most suitable method used for dielectric measurement of ferroelectrics. However, 
this method has some limitations which can lead to inconvenience and sometimes even 
impossibility in the measurement. This method can be used only at low (under 100 
MHz) frequencies. All material types, except gases, can be measured, but the method 
is not suitable for very low-loss dielectric materials.  
At frequencies above 3 GHz up to over 300 GHz (Elhawil et al, 2007), the free space 
method allows measurement of the effect of a material sample on a wave propagating 
in the space between two transmit and receive horn antennae which are connected to 
two ports; a Harmonic Generator HG (the source), and a Harmonic Mixer HM (the 
detector). The sample material in the form of a flat shape is kept positioned at the 
middle of the two horns. The network analyzer is used to make precision 
measurements of S-parameters (reflection and transmission coefficients S11 and S21) of 
the sample in free space. The relative complex permittivity is computed from the measured 
S11, S21 by using Genetic Algorithm (GA) (Tang, 2001) [The genetic algorithm (GA) is a 
search heuristic that mimics the process of natural evolution. This heuristic is routinely 
used to generate useful solutions to optimization and search problems]. This method 
gives limited resolution when measuring low-loss dielectric material. The samples 
should be quite large and are required to shape in a flat format.  
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In transmission line methods a sample of the substance is required to shape precisely 
for completely fitting the cross-section of transmission line, a coaxial or rectangular 
wave guide.  Both reflection and transmission coefficient S11 and S21 are measured 
with a vector network analyser. The complex permittivity (dielectric properties) can be 
calculated by using special computer software from these two parameters. Although 
this method is more accurate and sensitive than the probe method, it has a narrower 
range of frequencies. Since the substance must fit the cross section of the wave guide, 
the sample preparation is also more difficult and time-consuming (Engelder, and 
Buffler, 1991). 
 
Time domain spectroscopy (or reflectometry) method is based on the principal that if 
 any change of impedance appears along the transmission line of the waves there is a 
partial or total reflection on it. TDR device transmits electromagnetic wave and then 
measures the amplitudes of the reflected waves together with the time intervals 
between launching the wave and detecting the reflection. From these data, the complex 
permittivity properties can be calculated. They cover a frequency range from 10 MHz 
to 10 GHz. The key to TDR’s success is its ability to accurately determine the 
permittivity (dielectric constant) of a material from wave propagation, as demonstrated 
in the pioneering works of Hoekstra and Delaney (1974) and Topp et al. (1980). 
However, disadvantage of this method is that substance measured must be 
homogeneous. These methods are still quite expensive (Mashimo et al., 1997). 
 
The open-end coaxial probe system which is commercially available from Agilent 
Technologies, comprise of a 50 Ω coaxial line with an open end (HP 85070 B) which 
is connected with a vector network analyser VNA ( HP 8752 C, 8753, 8720, 8510). 
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The measurements were carried out by the contact between the surface of the sample 
and the probe; for liquids measurements have been performed by immersing the probe 
into specimen. The vector network analyser send the microwave signal to the sample 
through the coaxial probe with an open end. Then, the change in magnitude and phase 
of the refection coefficients at the probe-sample interface is measured by VNA. 
Measurements are made at a number of discrete frequencies within the desired 
frequency range, and then the complex permittivity of the sample material can be 
calculated by using computer software for mathematical processing. An open-ended 
probe was chosen in preference to an enclosed cell because it can perform a wide range 
of frequencies (500 MHz - 110 GHz) measurement while keeping sample disturbance 
to a minimum. A major advantage of this method is that sample preparation is 
relatively easy; a large number of samples can be measured in a short time. This 
method is most widely used by microwave heating application and it has ± 5 % 
accuracy (Seaman and Seals, 1991; Nelson and Noh, 1992; Herve et al., 1998). 
However, the constraint of this method for measuring solid is that the sample must 
have sufficient thickness greater than 1 cm and a flat surface to allow good contact 
between the sample and probe surface.  
 
Advantages and disadvantages of the various methods for measuring dielectric 
property have been discussed. Among of these methods, this study was used the open-
end coaxial probe method for measuring the complex permittivity of silica gel block 
with various moisture contents. The measuring procedure and the analysis of results 
will be discussed in Section 4.5.   
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2.3.4.  Effect of microwave irradiation on desorption 
 
The use of microwave energy for heating was firstly interested after the discovery of the 
heating effect of the magnetron while passing a radiating antenna by Percy Spencer in 
1945 (Osepchuk, 2009). Nowadays, microwave heating is widely utilized in various 
industrial applications such as; sintering process, vulcanization of rubber, drying 
process, heating food, and thawing, and etc. As growing attention to microwave 
application, numerical simulation of microwave irradiation also become essential to 
predict the electromagnetic field intensity and microwave energy distribution. The heat 
source term because of microwave energy can be calculated by using either Maxwell’s 
Equation approach or Lambert’s law Equation approach (Curet, 2008). The first 
approach consists in calculating the distribution of electric field intensity by using the 
Maxwell’s equations that based on the material properties, boundary condition, and 
geometry of work load. A heat source term in mathematical model is deduced from the 
calculated electric field intensity. Maxwell’s equation approach was proposed in 
numerous studies. Sundberg et al. (1998), Soriano al. (1998), Van Remmen et al. 
(1996), Lin et al. (1995) studied the temperature distribution in the interior of food 
predicted by Maxwell’s equation and solved with the finite element method. Jia, and 
Jolly (1992) proposed three dimensional model for the electric field distribution in a 
microwave oven based on the Maxwell’s equation. The simulation results were found 
in good agreement with the experiment results. The heat generation in the work load 
due to microwave irradiation can also be modelled by Lambert’s law approach. 
Contrary to Maxwell’s equation approach, the distribution of electric field intensity 
inside the work load is no need to require for calculating the heat generation due to 
microwave heating. A number of literatures reported the mathematical model using 
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Lambert’s law in one dimension configuration ( Herve, 1998; Chamchong, 1999; 
Oliveira, 2002; Chatterjee, 2007), effect of dimension (Romano, 2005), and for high 
dielectric material (Ayappa, 1991; Fu, 1992; Basak, 2004). The comparison between 
these two approaches, Maxwell’s equation approach and Lambert law approach, has 
been conducted by a number of studies (Taher, 2001; Oliveira, 2002; Liu, 2005). 
Among these studies, Curet et al. (2008) conducted the comparison between both 
approaches that are compared and confronted with the experimental data. From these 
studies, the results show that Maxwell’s equation approach gives more accurate result 
of temperature distribution compared to Lambert law approach especially in low 
dielectric materials. Furthermore, Lambert’s law approach cannot take accounts the 
effect of internal reflection and self resonator in the work load. The adsorbents bed for 
adsorption cooling system is composed of a metal fin-tube heat exchanger which is 
embedded inside the low dielectric adsorbent, and this type of structure can cause the 
internal reflection. In order to take account this reflection, Maxwell’s equation 
approach is selected to calculate the dissipation of microwave energy through the 
electric field intensity distribution.  
 
Most of the analysis of using microwave irradiation for thermal application (mentioned 
above) are based on the factor that all dissipated microwave energy (cross product of 
electric field intensity vector and magnetic field intensity vector, ExH, V/m x A/m) is 
converted to heat energy. However, De Groot (1961) postulates differently that 
microwave energy also can transform into potential energy flux (this energy is due to 
flowing out of the molecules from the microscopic level control volume against 
attractive force). The phenomenon of microwave heating is that heat is generated by 
the friction among the dipolar molecules caused by molecules oscillation due to the 
- 27 - 
 
electromagnetic wave alternation. That means generating heat due to oscillation occurs 
inside the material (Meredith, 1998). However, desorption under a microwave 
irradiation is totally different from the microwave heating application because the 
dipole adsorbate molecules are inhabited on the surface of the adsorbent material. That 
means oscillation can occurs not only inside the material but also on the surface of the 
material. Depending on the dielectric properties of adsorbent and adsorbate, some 
microwave energy transforms into heat energy because of vibration and some could 
transform into potential energy flux because of the liberation of adsorbate molecules 
against the attraction force (adsorption force) of physical reaction. The relation 
between dielectric properties of adsorbent and adsorbate and transformation of 
electromagnetic wave energy is discussed in Section 3.4. The experimental analysis of 
this phenomenon will be also discussed in Section 4.3.  
 
Furthermore, due to the difference of energy transfer between the conventional heating 
(conduction, convection, radiation) and microwave irradiation, thermal physical 
properties of the materials are changed under the microwave irradiation. Some 
interesting papers (Galema, 1997, Lidstrom, 2001, De La Hoz, 2005, Cherba´nski, 
2009) discussed  about the nature and existence of these effects. Laurence et al. (2001) 
listed the boiling point temperatures of water and some fluids, which compared 
between the conventional heating and microwave heating. Lewis (1992) 
experimentally investigated and reported that the reaction rate under microwave 
irradiation is faster than the conventional heating. As a result, the activation energy for 
this reaction was reduced from 105 to 55 kJ/mol. These studies clearly show that the 
microwave activation can boost up the reaction rate and can change the thermal 
physical properties. Since the desorption process is also a kind of reaction (physical 
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reaction), characteristic of desorption process under microwave irradiation could not 
be the same with conventional one. Roussy et al. (1981,1984) proposed that 
microwave desorption is independent of the temperature of adsorbent and it does not 
follow the characteristic of the isotherm equilibrium. Hence, the fact mentioned above 
clearly shows that classical kinetic and isotherm equations could not perform very well 
to predict the desorption which is a function of temperature in the simulation model of 
microwave-activated adsorption chillers system. For this reason, the empirical relation 
between desorption rate and temperature increasing rate versus electric field intensity 
which is determined from the experiment result (See Section 4.5) is required to predict 
the temperature increasing and desorption uptake. The experimental and the results are 
discussed and analyzed in Section 4.5. 
 
2.3.5. The influence of workload geometry  
 
The influence of workload geometry is often underestimated compared to the attention 
given to the dielectric properties. The aspect ratio (workload volume/cavity volume), 
the size and the shape of the workload especially if it has edge corners significantly 
govern on the electromagnetic field distribution pattern (Meredith, 1998). Sundberg 
(1998) reported that overheating at the edge of work load is a common problem in 
microwave heating. Numerous researchers conducted the experimental and numerical 
analysis of this uneven heating problem by using Maxwell’s equations (Risman et al., 
1987; Ohlsson, 1990; Buffler, 1993). The position of the workload in the microwave 
oven also influences the power delivered into the product (James, 1993; George and 
Burnett, 1991). Tse V. Chow Ting Chan, (2000) experimentally and numerically 
investigated on the electric field distribution inside the multimode resonant cavity with 
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a number of workloads. All the studies mentioned above used the simple geometry 
workloads (cylinder shape, sphere shape, cubic shape) and it is composed with single 
material.    
 
However, the workload, the adsorbent bed under microwave irradiation for adsorption 
cooling system, has not only a very complicated geometrical shape but also complex 
material composition (embedding the conduction material inside the adsorbent bed). 
The conducting metal under microwave irradiation can lead to voltage breakdown and 
can damage the workload (Meredith, 1998, Joos, 1951). From theses points, 
conducting the simulation and experimental analysis of conducting metal effect on 
microwave radiation is a crucial step for designing the adsorption bed. The experiment 
results and the analysis will be discussed in Section 4.6.  
 
2.3.6.  Modelling and simulation of microwave application 
 
Design of workload for absorbing microwave energy requires the knowledge of 
electromagnetic wave propagation fundamentals and many experiments. If 
mathematical modelling can successfully simulate the behaviour of electric field 
distribution of workload in a resonant cavity, the effect of geometry and cavity 
dimension change can be tested without the cost of sample preparation and testing. 
Maxwell’s equations can be used to calculate the exact electromagnetic field intensity 
configuration within the work load if the configuration of microwave oven cavity, 
dielectric properties, and work load geometry are exactly known (Buffler, 1993; Tse 
V. Chow Ting Chan, 2000). Generally, there are a number of different numerical 
techniques to predict electromagnetic field intensity in the applicator and consequently 
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distribution of microwave energy. These techniques are based on either time domain 
(TD) formulation or the frequency domain (FD) formulation (Huo and Li 2005). 
Proven numerical techniques to solve the time domain Maxwell’s equation are finite 
difference time domain (FDTD) method (Yee, 1966), and finite element time domain 
(FETD) method (Dibben and Metaxas, 1994), the moment method (MM) (Ney, 1985), 
and the transmission line method (TLM) (Johns and Beurle, 1971). If workload has a 
high permittivity, this may cause stability problems and poor accuracy especially when 
using the finite element (FEM) or moment methods (MM) (Sundberg, 1998; 
Wäppling-Raaholt, 1999). Today, the FDTD method seems to be more attractive than 
FEM, especially when comparing the time needed for simulations (Risman and 
Celuch-Marcysiak, 2000). In this study, the commercial electromagnetic simulation 
software HFSS® which is based on FDTD method is employed to predict 
electromagnetic field distribution in the adsorbent bed and cavity for microwave–
activated adsorption cooling system. From this simulation result E (electric field 
intensity), we determine temperature increasing rate and desorption rate using the 
empirical relation equation which is found out from the experiment result (Section 
4.5).  
 
The following selected papers prove the validity of using HFSS software and its 
reliability.  
Analytical model compare with HFSS and experimental result: Ming-Chieh (2003) 
has presented an analytical approach to achieve the fast design of high-power 
waveguide windows. The analytical solution is compared with the result of numerical 
simulation via the finite-element code HFSS and the experiments performed at the 
Stanford Linear Accelerator Center (SLAC), Stanford University, Stanford, CA. The 
- 31 - 
 
closed form of the S-parameters has been carried out to enhance the accuracy and 
efficiency of the window design, and the calculation is in excellent agreement with the 
experimental results and with the numerical simulation. 
HFSS compare with experimental result: Almeida et al., (2008) investigates that the 
CaCu3Ti4O12 (CCTO) ceramic phase was synthesized by microwave heating in a 
much shorter time compared to the conventional heating methods. This study has been 
investigated experimentally and numerically using Ansoft’s HFSS, and excellent 
agreement between simulation and experimental results was obtained. 
Feng et al., (2005) have used the commercial full-wave electromagnetic analysis 
software HFSS to simulate the interaction of the whole probe with the sample. This 
study shows that the electrostatic model is a good approximation for quantitative 
measurement of relative permittivity. 
Measurement result of network analyzer compare with the simulation result 
conducted by FEM (finite element method used HFSS): Jae-Hwan Park et al., 
(2001) has conducted the comparative analysis between Electromagnetic simulation of 
the quality factor measurement and the measurement with a network analyzer. 
Scattering matrix S21 obtained from the network analyzer was compared to the S21 
obtained from the simulation. This study shows that it might be possible to predict the 
influence of porosity and second phase on the measured microwave quality factor in a 
more quantitative manner. 
 
2.3.7.  Improvement of simulation model for adsorption cooling system 
 
Suzuki (1990), Mitsushita et al.(1987), Cho and Kim (1992), Yanagi (1997), Hisaki et 
al.(1993), Saha et al.(1995), and Ng et al., (2001) have studied the adsorption chiller 
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system that have been successfully constructed to use low grade waste heat as a 
driving source. These researchers have presented not only the prototype construction 
but also the uniform temperature simulation model (lump parameter model) of 
adsorption chillers. For a small adsorption chiller system, this lump parameter model 
can give the prediction results that are quite close to experimental results. However, 
for a large adsorption chiller system, the accuracy of the simulation results may be 
lower because the spatial temperature difference in adsorbent bed is very large, and 
that causes improper calculation of kinetic adsorption as it relate to the bed 
temperature (Amar, 1996). Hence, some researchers propose non uniform temperature 
model (distributed model) to solve uneven temperature effect. For example, Marletta 
(2002) proposed the innovative consolidated-type adsorbent beds simulated by using 
dynamic two-dimensional model (distributed model) and to investigate the effect of 
adsorbent bed thickness, water vapor permeability, and heat transfer coefficient on the 
cooling load and COP. Sun (1995) also reported that the numerical study of coupled 
heat and mass transfers in an adsorber with external fluid heating by using non-
uniform temperature model (distributed model). It can account the couplings of heat 
and mass transfer in the bed to study the effects of various operating parameters on the 
performance of adsorption chiller system. These two distributed model studies are very 
interesting but the models presented in these studies are unable to discuss the effects of 
internal mass transfer resistance, which can also be very limiting for performance 
improvement when the cycle time is short. Zhang (2002) proposed that an intermittent 
adsorption cooling system using a three-dimensional non-equilibrium model 
(distributed model) can account both internal and external mass transfer resistances 
within the adsorbent bed. Furthermore, this distributed model considered the effects of 
fins that intensified the heat transfer in the adsorbent bed. However, this distributed 
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model was over simplified on that (i) the adsorbed phase was a liquid (ii) heat transfer 
coefficient is constant, and (iii) the condenser and the evaporator were ideal and 
possessed an infinite heat transfer coefficient. A few works have been done on the 
dynamic heat transfer coefficient of adsorbent bed. The purpose of this study was to 
improve the mathematical simulation model for big adsorption chiller system by using 
a non uniform model (lump distributed model) instead of a lump parameter model 
(uniform parameter model) and integrating the dynamic heat transfer coefficient. This 
distributed model may be useful in designing the finned tube heat exchanger of 
adsorption bed such as fin-gap, fin-high, tube diameter, and flow rate of hot or cold 
fluid because this distributed model considers the effects of fin and fluid flow rate by 
using heat transfer resistance circuit incorporated with Dittus-Boelter correlation and 
dynamic heat transfer coefficient.  Furthermore, this distributed model (non-uniform 
temperature model) can account for both internal and external mass transfer resistances 
within the adsorbent bed. According to these points, the adsorbent bed can be 
optimized, and the thermal mass capacitance of adsorbent bed also can be reduced.  
 
2.4. Microwave Radiation Safety and Health  
 
Electromagnetic wave can be described as a series of energy waves composed of 
oscillating electric and magnetic fields travelling at the speed of light. Using of this 
energy wave in industrial, in home appliance and in research is required a crucial 
awareness of radiation safety. Based on the electromagnetic wave frequency and its 
capability of ionizing atom and breaking chemical bond, Electromagnetic radiation can 
be classified into ionizing radiation and non-ionizing radiation. Ultraviolet and higher 
frequencies, such as X-rays or gamma rays are ionizing radiation. Non-ionizing 
radiation includes visible light, infrared (IR), microwave (MW), radio frequency (RF), 
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and extremely low frequency (ELF).Since microwave (MW) radiation in the frequency 
ranges 300 MHz - 300 gigahertz (GHz is non-ionizing radiation, the major potential 
hazards due to non ionization radiation such as biological hazards, electrical hazards 
and fired hazards are discussed here. 
 Biological hazards: excessive exposures of non-ionizing radiation can cause tissue 
damage due to dielectric heating effect. This effect varies with the power intensity and 
frequency of the electromagnetic energy. International Commission on Non-Ionizing 
Radiation Protection (ICNIRP) set a dosimetric parameters for basic restriction of 
using microwave based on the frequency. Basic-Restriction parameter for 100kHz to 
10 GHz is Specific energy absorption Rate (SAR) and its units is W/kg. For 10GHz to 
300 GHz is power density (S) in units W/cm2.  Numbers of organizations IEEE, 
National Council on Radiation Protection and Measurements (NCRP), World Health 
Organization (WHO), Hospital Physicists Association (HPA), International 
Microwave Power Institute (IMPI) published safety basic restriction limits. Although 
there are variations, the general accepted limit on safety leakage microwave power 
density is 10mW/cm2 measured at a distance of 50 mm from the equipment. National 
Radiological Protection Board (NRPB) also expressed the basic-restriction limits with 
both (SAR) and (S) units depend on the frequencies of commercialized microwave 
generator ( For 2.45 GHz, Basic restriction is 0.4 W/kg in (SAP) and 10mW/cm2 in 
(S), for 896 or 915 MHz is 0.4 W/kg in (SAP) and 5mW/cm2 in (S)) (Meredith, 1998). 
Another controversial biological hazards are fragmentation of human DNA (Focke, 
2009),  Acute Lymphoblastic Leukemia (ALL) (Linet, 1997) and cancer (Goldsmith, 
1997). 
Electrical and fire hazards: extremely high electromagnetic field intensity can 
induced exceeds voltage which can caused electrical arcs in the surrounding medium if 
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the voltage is higher than the breakdown voltage. This fact can lead to break out the 
electrical and fire hazards. Another reason of causing these hazards is using high volt 
electrical devices for microwave generator such as high voltage capacitor, diode, 
transformer, and magnetron. 
Safety precaution for conducting the experiment against the hazards: Typically 
improper installation, connection and inefficient enclosure could result in the 
biological, fire, and electrical hazards. Following the instruction and careful 
installation are carried out for the experiment of this study.  In order to prevent the 
biological hazard due to radiation leakage, Faraday cage (a metallic enclosure that 
prevents the entry or escape of an electromagnetic field) and metallic flexible pipe are 










Figure 2.4 A metallic enclosure (Faraday cage) and metallic flexible pipe is 
applied to prevent the radiation leakage. 
 
2.5. Cost Effectiveness of Using Microwave irradiation 
 
Microwave heating in various applications has gained much attention due to its merits  
of (i) non-contact heating,(ii) energy transfer  not heat transfer,(iii) rapid heating, 
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(iv)material selective heating, (v)volumetric heating, (vi)quick start-up and 
stopping,(vii) heating starts from interior of body. However, microwave heating has 
not seen widespread commercialization in industrial application. One of the reasons is 
that it has the difficulties associated with (i)the scaling up of laboratory units to 
industrial capacities, (ii) a lack of fundamental data on material dielectric properties, 
and (iii) inadequate concept of matching between the microwave generator and the 
work load in the applicator. Another reason of deeming the application of microwave 
heating is capital, operation and maintenance cost (Jones, 2002). These costs are 
totally relied on microwave generator. There are various types of generator such as 
magnetron, klystron, and gyrotron. In these three generators, magnetron is a favorable 
one because it has higher efficiency 70 - 85% compared with klystron 30-60% and 
gyrotron 40%. Furthermore, the magnetron cost is very low $0.01-0.1/W as against a 
very highly cost of klystron and gyrotron. The low operating voltage (4-20kV) of 
magnetron compared with klystron (20-50kV) could result in low cost due to applying 
of lower voltage electrical devices and less risk of electrical hazard. However, the 
major drawback of using magnetron is it can perform only at low power intensity, 1-30 
kW for 2.45 GHz and 30-100 kW for 915 MHz (Ashim, 2001). Hence, microwave 
heating of large scale (above 100 kW) due to its low efficiency and very high capital 
and operating cost compares unfavorably with conventional electrical heating in this 
respect. The microwave application is only suitable for small and medium scale 
industry (less than 100 kW). For this reason, although the market value of home 
appliance microwave oven is billion dollar, the industrial market is still less.  
Another big impact on cost effectiveness is reliability of microwave generator. The 
cost of generator manufacturers’ warranty for 3000 hr of 75 kW is about $7000, thus 
the operating cost of magnetron for 500 kW is $ 16/hr which is much higher than the 
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conventional electrical heating (Ashim, 2001). Automated matching of resonance 
between the generator and the dynamic properties of workload in the applicator is 
crucial important to prevent the damage of generator by reflecting the microwave 
energy from the applicator. That can enhance the reliability and lifespan of generator, 
and it could result in less operating cost. However,   the control devices such as stub 
tuner, detectors, control unit, and higher level of safety and automation unit are 
required, and its capital cost and operating cost are also still higher. In conclusion, 
although there has a number of merits using microwave irradiation, the capital and 
operating cost is still obstacle for applying it in industrial especially for large scale.  
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CHAPTER - 3  
 
Microwave Activated Adsorption Thermodynamics 
 
3.1. Introduction  
 
In the past few decades, significant progress has been made in development of 
adsorption-desorption methods for cooling applications. To explain adsorption 
phenomena, the equilibrium thermodynamics framework such as the conservation laws 
for energy and mass transfers on macro control volumes or systems, are sufficient to 
describe the adsorption processes. The macroscopic approach available hitherto may 
be insufficient to capture energy transport phenomenon of desorption with an 
externally induced microwave irradiation. In this Chapter, a theoretical framework of 
energy transport has been developed with an extension to the microscopic control 
volume. The Reynolds transport methodology for the general equilibrium and 
irreversible thermodynamics is used for the energy, momentum and mass conservation 
equations of the adsorption processes and the energy conservation incorporates the 
input by microwave energy.  
 
The first part of this chapter is organized as follows: Section 3.2 describes the general 
conservation equations as per the integral form of Reynolds Transport theorem, 
momentum balance equation as derived from the Newton’s second law, and the energy 
balance equation using the conservation methodology at the microscopic approach to 
account for the microwave irradiation effect. Section 3.3 describes the mass transport 
equations for various types of adsorption processes including the uptake kinetics.  
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Microwave is a useful technology in heating applications, and recently, microwave 
activated desorption process draws much attention due to energy saving, shortening the 
process time and other advantages. In this study, all dissipated microwave energy is 
deemed to have converted to heat and potential energy. Depending on the dielectric 
properties of adsorbent and adsorbate, some microwave energy converted to potential 
energy flux that is due to flowing out the molecules from a microscopic control 
volume. The second part of this chapter discusses the effect of microwave energy on 
desorption process and the relation between the dielectric properties of adsorbent and 
adsorbate and the electromagnetic wave energy, which is discussed in Section 3.4. 
 
The concluding section tabulates a list of the mass transport equations for (i) dynamic 
concentration in batch type (ii) constant concentration in batch type (iii) the adsorbent 
film coated, and (iv) the packed bed adsorption processes. Another table lists the 
characteristic of microwave energy conversion based on the properties of adsorbent 
and adsorbate.  
 
3.2. Framework for Mass and Energy Balance  
 
The transport processes involving the mass, momentum, and energy are described from 
the basic conservation laws, developed together with the transport of heat or energy by 
molecular fluxes.  
  
3.2.1. Mass balance equation 
The continuity equation is expressed as a "differential form" in terms of the divergence 
operator or as an "integral form" in terms of a flux integral. The Reynolds transport 
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theorem is an integral approach to the continuity equation where within a control 
volume and a surface, it states that the rate of change of an extensive property N 
(Intensive property is a physical property of a system that does not depend on the 
system size or the amount of material in the system, and extensive property of a system 
is directly proportional to the system size or the amount of material in the system), for 
the system is equal to the time rate of change of N within the control volume plus the 
net influx of the property in the control surface (and including the source and sink. The 
Reynolds Transport Theorem can be expressed by the following integral equation: 














ηρηρη                     (3.1)    
where η denotes the intensive property related to the extensive property N, t represents 
time, CV refers to the control volume, CS indicates the control surface, ρ is the fluid 
density, V represents the volume, v is the velocity vectors with respect to the control 
surface, n is the outward pointing normal vector on the control surface, S is the surface 
area of the control volume and Qi represents the mass flux per unit volume of sources 
and sinks within the control volume. Applying the Reynolds Transport Theorem, the 
left hand side of Equation (3.1) is equal to 0. Equation (3.1) is written as; 











0 ρρ                                    (3.2) 
where η = 1,  the general mass conservation equation for any process. From the Gauss’ 
or Divergence theorem, the outward flux of a vector field through the closed surface is 
equal to the volume integral of the divergence of the region and can be expressed as 
follows;     
            ∫∫∫ ⋅=⋅∇ CSCV dSnvdVv ρρ )(                                                       (3.3) 
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Equation (3.2) can be stated as follows; 










)(ρρ                                 (3.4) 
Applying the Leibniz's rule to the integral on the left and then combining all of the 
integrals, Equation (3.4) can be expressed as:                         


















ρ                                                  (3.5) 
In the absence of source and sink effect in the mass transport process, the above 
equation can be reduced to classical conservation of mass equation as follows; 





ρ                                                              (3.6) 
 
3.2.2. Momentum balance equation 
 








ρ  is 
equal to the sum of body forces F which acting through the mass of the fluid element 
(gravitational force) and surface forces P that acts on the boundary (pressure and 
friction).  Mathematically, it is written as 
                         FP
Dt
Dv
+=ρ                                                                      (3.7) 















                                            (3.8) 
where vα (α=1,2,3) is a Cartesian component of v ,the quantities Pβα ( β,α =1,2,3) and 
Fkα (α =1,2,3) are the Cartesian components of the pressure (or stress) tensor  and the 
force per unit mass Fk. Invoking the conservation of mass equation (Equation  3.6) and 
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the convective equation (Equation 3.7) are transformed as follows (Details are shown 
in Appendix B.1); 










                                         (3.9) 
 
 
where vv is an dyadic product, the quantity (ρvv+P) is a momentum flow, and F
k
k∑ρ  
is a source of momentum. 
 
3.2.3. Energy balance equation 
 
The energy balance equation is derived from the principles of energy conservation 
using the macroscopic approach within a control volume. This is not sufficient to 
account for the microwave irradiation effect which is an electromagnetic wave and 
require a microscopic approach for the energy delivery to the control volume. The total 
energy of a control volume V in the system can be accounted by the energy flows in or 
out of a volume via the boundary S and the integral form is expressed as;  





                                            (3.10) 
where e is the total specific energy per unit mass which includes all forms of energy in 
the system, and e is the total specific energy per unit mass or the total energy flux. 
From the Gauss’s theorem, the integral form of energy conservation equation 
(Equation 3.10) is given by 




∂ρ                                                          (3.11) 
Momentum flow Momentum source 
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where the total specific energy e includes the specific kinetic energy 2
2
1 v , the specific 
potential energy ψ and the specific internal energy u. Definition the internal energy u, 
microscopically, the total energy flux includes a convective term ρev, an energy flux 
(P.v) due to the mechanical work performed on the system, a potential energy 
flux k
k
k J∑ψ  due to the diffusion of the molecules in the field of force, and finally a 
heat flow Jq.  
 
Assuming negligible gravitational force, the effect of electromagnetic force on the 
molecules of adsorbate under microwave irradiation can be accounted for 
microscopically by the electro-magnetic forces that cause the molecules to flow in and 
out from a control volume. As described by De Groot (1962), this is given by the 
multiplication of a force and a mass flow and the energy conservation equation 











































                   
                                                                                                                                  (3.12) 
In this equation, the total energy is comprised of the potential energy, kinetic energy, 
and internal energy [Appendix-B.1].    
 
3.3. Mass Transport of Sorption Process 
 
Consider a non homogeneous control volume, as shown in Figure 3.1, there are three 
regions of interest, namely the gaseous region (Vg), the adsorbed phase region (Vadb ), 
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Figure 3.1. The control volume for a sorption process. 
For a relatively small volume of the adsorbed phase (ε = Vabs /V),the mass conservation 
of Equation 3.2 can be expressed by  











0 νρρ                              (3.13) 
where the Vg refers to the gas phase and Vabs denotes the adsorbent volume. Applying 
the Gauss’ Theorem, the Equation 3.12 becomes 

















ενρρε                                 (3.14) 












ενρρε                                       (3.15) 
The adsorbed phase region acts as a source when desorption take places, and as a sink 
when adsorption occurs and they can be represented as the mass flux per unit 
adsorbent volume (Φ) (kg/m3.s) and hence,  
q = uptake  
Control Volume 
 C =Concentration 
 Adsorbed phase ( Vadb) 
solid region ( Vabs) 
Adsorbate in gaseous phase ( Vg) 
Adsorption and Desorption  
( Source or Sink ) 
 ν = velocity 
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                                             (3.16) 
In the same manner, the concentration equation can be written as 





C                                           (3.17) 
where C is the concentration of adsorbate in the control volume. In these equations, the 
+ sign and – sign represent desorption and adsorption processes. The gas distribution 
in outer and inner regions of a porous adsorbent is shown in Figure 3.2. Mass transfer 
is governed by (i) the concentration gradient (kga (Ce-C)) at the interface of outer and 
inner gaseous phase, (ii) the Fick’s second law diffusion equation (∇.Ds,p∇.C ) for the 
inner gaseous phase, and (iii) Linear driven force model (dq/dt=ksa (q*-q)) for the 
kinetic of uptake amount in the adsorbed phase. The instantaneous mass flux per unit 
adsorbent volume (Φ) can be expressed by 
                
                  Φ   =  ( kga (Ce-C) )  = (∇.Ds,p∇.C ) =  (dMads /dVads ) ( dq/dt )           (3.18) 
 
 
where q* and q represent the equilibrium the instantaneous uptake of adsorbate in 
kg/kg, and Mads is the mass of adsorbent. 
 
The mass transfer process is integrally linked to (i) the concentration of the gaseous 
phase and (ii) the uptake on the adsorbent which is dependent on the pore and surface 
structure of adsorbent, the characteristic of the adsorbate molecules, etc. Based on the 
concentration of adsorbate, an adsorption process can be categorized into three groups 
(See Appendix B.2); 
  Type (A) A changing concentration of adsorbate within a closed system such   




Inner face mass diffusion 
Fick’s second law 
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             as a batch type reactor, 
Type (B) A constant adsorbate’s concentration,  










Figure 3.2. The concentration profile in the adsorbent particle. 
 
In an adsorption cycle, the first category of adsorption process is akin to a switching 
time interval between two batch processes where the valves (vapor) isolate the 
adsorbent (stored in beds) from either the condenser or the evaporator. The 
concentration of adsorbate in the reactor beds would either increase or decrease, 
respectively due to adsorption or desorption in the beds. The second category occurs 
during a normal batch process of a chiller cycle such as an adsorption or desorption 
process. In these processes, the adsorbate concentration in the beds would vary as the 
adsorbent is exposed to evaporator or with the condenser that acts as a source (of 
vapor) and sink (of vapor). The concentration around the adsorbent remains the same 
during the sorption process but the uptake increases (adsorption) or decreases 
Outer gaseous phase 
 
Inner part gaseous phase 
 
r dr Concentration profile 
Adsorbed phase  
 
Interface mass 
transfer Inner phase 
mass  
diffusion 
Adsorbent (Solid ) 
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desorption) with time. Such a process is similar with the second category which is an 
important part of the adsorption cycle.  
 
The governing equation for adsorption or desorption processes of adsorption chiller 
system is the general mass transport Equation 3.17. As the concentration of the 
adsorbate around the adsorbent bed is constant, the first term of left side of the general 
Equation 3.17 is zero. Also to simplify the equation, the velocity due to the mass 
transfer from the evaporator to around the adsorbent bed is neglected so that the 
second term of left side of the Equation 3.17 is also zero. Hence evaluation of mass 
transfer in this type process could be verified by applying the third term of general 
equation. The concentration around the adsorbent (outer gaseous phase) is constant and 
its gradient is given by intra pellet mass transfer, as shown in Figure 3.2. Hence, the 
uptake of adsorbate by the adsorbent is linearly proportional to the driven force due to 
the difference between the equilibrium and current uptake amount, and it is known as 
the Linear Driven Force Model. It can be expressed as follows;                                      




∂                                                           (3.19) 
where ksa denotes the mass transfer coefficient, q* represents the equilibrium uptake 
amount at specific condition, andq is average uptake amount of adsorbate by 
adsorbent pellet. The change of spatial uptake amount of adsorbate in the adsorbent 
pallet is also equal with gradient concentration in the pellet, so that we can apply 
Fick’s second law of mass diffusion equation. For a spherical pallet type of adsorbent, 
the Fick’s diffusion Equation 3.18 can be expressed in spherical form of second order 
partial differential equation;   










∂                                                   (3.20) 
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where Ds is Fickian diffusivity, q represent the spatial uptake amount adsorbed by 
pallet. From these two equations (Equation 3.19 and Equation 3.20), it has been further 
expanded to include the effect of adsorbent radius and a detailed derivation of this 
kinetic equation is found in Appendix B.3. 



















2                                      (3.21) 
The key parameter for the kinetic Equation (3.26) can be obtained from the gravimetric 
analysis experiment under the constant concentration (pressure) of adsorbate phase [4]. 
A summary of the other type adsorption scenarios (Adsorption mode Type A and 
Adsorption mode Type C) as described by Equation 3.17 is given as follow and the 
form of this equation would change according to the boundary conditions. [The 
adsorption operation modes based on the adsorbate concentration are categorized and 
its detail explanation is tabulated in Appendix B.2.] 
 
For a batch type adsorption with dynamic concentration (Adsorption mode Type A), In 
the process, there is no adsorbate mass flow in the control volume (velocity), so that 
the second term of Equation 3.17 is zero. Mass flux the third term is substituted with 
LDF model (Equation 3.18). The average concentration of adsorbate in the control 
volume is changing with time. 




C                               (3.22) 
For adsorbent coated-film’s adsorption process and continuous flow of fluid tank 
(Adsorption mode Type C), since the spatial velocity in the control volume (due to 
mass flow) is constant and the average concentration of adsorbate in the control 
volume is changing with time, the general Equation 3.17 can be expressed as follows; 
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                 (3.23) 
For packed bed adsorption process (Adsorption mode Type C), the spatial velocity and 
concentration are varied along the control volume due to packed pellet bed,  
















adsεε               (3.24) 
The presence of spatial velocity would induce a corresponding pressure change which 
is described by the Ergun Equation as follows.   
                                     
RT
PC =                                                                    (3.25) 



























PP s                             (3.26) 
where ∇p is the pressure drop across the bed, L is the length of the bed (not the 
column), Dp is the equivalent spherical diameter of the packing, ρ is the density of 
fluid, µ is the dynamic viscosity of the fluid, Vs is the superficial velocity (i.e. the 
velocity that the fluid would have through the empty tube at the same volumetric flow 
rate), and ε is the void fraction of the bed (Bed porosity).  
 
3.4.  Theoretical Aspects of Microwave Application in Adsorption 
 
Microwave is widely used in various applications namely; in communication, in 
advanced measuring techniques, in material processing, in thermal application, in 
regeneration of adsorption process. The utilization of microwave in heating application 
is proven technology and can available in numerous studies (Metaxas, 1996, Thuéry, 
1992). In this application, all dissipated microwave energy (cross product of electric 
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field intensity vector and magnetic field intensity vector, ExH, V/m x A/m) is 
converted to heat energy. The reason is due to the dipolar components of molecules 
which obtain a dipole moment in an electric field as a result of the distortion of their 
electronic distributions and nuclear positions.  This oscillation occurs inside the 
material (See in Figure 3.3.a) and that cause the frictional force within the the 
molecules and that generate heat (Meredith, 1998).  
 
However, De Groot (1961) postulated differently that microwave energy can transform 
into a potential energy flux that is due to flowing out the molecules from the 
microscopic level control volume. Desorption process under a microwave irradiation is 
totally different from the microwave heating application because the dipole molecules, 
adsorbate molecules, are inhabited on the surface of the adsorbent material. That 
means oscillation occurs on the surface of the material. Depending on the dielectric 
properties of adsorbent and adsorbate, some microwave energy may transform into 
heat energy because of frictional force dipolar molecules inside the adsorbent materials 
or adsorbate materials. Some could transform into potential energy flux due to the 
liberation of adsorbate molecules from the attraction force (adsorption force) of 
physical reaction. Figure 3.3 shows a silica gel (type RD)+water pair where the water 
molecules are modeled as an unsymmetrical dipole that can respond well to changes in 
the externally introduced electromagnetic field. The adsorbent considered here is the 
type RD silica gel which is known to be partially transparent to microwave, i.e., it is 
assumed as a low dielectric material.  
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Figure 3.3. Microwave application in (a) heating, and (b) desorption.   
The energy balance equation for a desorption process, which is induced by microwave 
irradiation, requires some microscopic level consideration. Considering a control 
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volume, as seen in Figure 3.3(b), the total energy balance equation of Equation 3.12 
can be adapted to include the microwave effects.  
 
For a slow movement of molecules in adsorbed and ignoring the gravitational force, 
the impact of kinetic and potential energy is neglected. Hence the kinetic energy 
(Equation 3.27) and potential energy (Equation 3.28), which are derived from the 
momentum conservation Equation (Equation 3.9), is subtracted from the total energy 
Equation (3.12) [derivations are in the Appendix B.1]. The kinetic energy equation is;  





















                (3.27) 















: , and the 
potential energy equation is; 
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                               (3.28)  
Then, the internal energy of the microscopic level control volume can be expressed as 
follows; 




u :ρρ                        (3.29) 
where Jq is the heat energy flow term and the term ∑ ⋅
k
kk FJ  is the energy flux due to 
the diffusion of molecules (Jk ) in the field of force (Fk,) as shown in Figure 3.3(b). 
Under the microwave irradiation, Fk is the electromagnetic force due to fluctuations in 
the electromagnetic field intensity.  
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For the microscopic control volume of adsorbed phase, there is no mechanical work 
performed on the system, and the impact of adsorbate molecules movement in 
adsorbed region is very small. Hence the convective energy ( ρuv ) and the energy due 
to mechanical work ( P: grad v ) could be neglected. The conservation of internal 
energy ( Equation 3.29 ) can be rewritten as; 




uρ                                             (3.30) 
In the desorption process under microwave irradiation, heat flow term ,the first term of 
left hand side equation,  can be substituted with the Fourier conduction heat ( - k∇T ), 
convection heat (for some dehumidification process), and endothermic heat.  
The energy flux due to the microwave irradiation acting on the control volume is 
required to verify to integrate with the energy conservation Equation (3.30). The 
microwave energy flux flowing through a closed surface in the region occupied by 
electromagnetic waves is equal with the cross product of electric field intensity vector 
and magnetic field vector, P =E x H, known as Poynting vector. The ingoing energy 
flux over a closed surface can be defined as   
            ∫∫∫∫ ⋅×−=⋅−= SS dSHEdSPP                                              (3.35) 
                        ( )∫∫ ⋅×−= Savg dSHEP Re2
1                                                    (3.36) 
Applying Gauss-Ostrogradskii theorem, the Maxwell-Ampere Law and Maxwell-
Faraday law, and microwave energy flux can be derived as follows; 
                                       VEfP oavg
22 εεπ ′′=                                                   (3.36) 
where f denotes the frequency of electromagnetic wave, ε is the absolute permittivity  
(ε = εo εr) of the control volume medium, εo is free space or vacuum permittivity,  εr is 
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relative permittivity or  dielectric constant ( εr = ε’- j ε”). Details of the derivation can 
be found in Appendix B-4. 
 
The properties of working pair play an important role for desorption process under 
microwave irradiation. The dielectric property of adsorbent is a functional property of 
microwave penetration depth. Some adsorbents which have very high dielectric 
properties have very short penetration depth, and it can strongly absorb the microwave 
power. Inversely, the adsorbent which has very low dielectric properties, transparent 
adsorbent, has very deep penetration depth and it could not absorb the microwave 
power. For the adsorbate molecules, the molecule which has a center of charge 
symmetry causes less polarity, and it cannot absorb the microwave power (transparent 
adsorptive). Oppositely, the molecule which has the asymmetric charges distribution 
cause polar dielectric and it can absorb microwave power strongly. 
 
The hypothesis of some studies postulated that the microwave energy flux is a kind of 
heat flux (heat is generating due to molecules friction that caused be microwave 
frequency) (Ashim, 2001; David, 1962) because they considered with macroscopic 
level control volume that disregarded the potential energy flux term, the second term 
of the right side of energy balance Equation (3.30).  
 
The energy balance of some working pairs such as (a) Adsorbent which totally 
adsorbs microwave power (adsorbent with very high dielectric properties) and 
Transparent Adsorbate (Argon,Carbon tetrafluoride (CF4), Carbon Tetra Chloride 
(CCl4),Propane (C3H8), etc); In this working pair, the microwave power is absorbed by 
adsorbent only, and being transparent adsorbtive type, it cannot absorb the microwave 
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power. Therefore, the adsorbent is heated up first, and desorption is thermally driven. 
It can be explained by this hypothesis. All the microwave energy transform to heat 
energy flux ( qS JdSHE =⋅×∫∫ ). The performance of such a working pairs is similar 
with the conventional COP.   
 
 (b) Transparent Adsorbent (DAY-Zeolites) and Adsorbate which totally adsorbs 
microwave power (water molecules,); In this case, since the adsorbent is transparent, 
the microwave power can transfer directly to the destination adsorbed system in which 
adsorbtive molecules absorb the microwave energy. Therefore the energy that required 
for detaching the adsorbed molecules can directly transfer to adsorbed phase. For the 
above reason, desorption process still can be occurred [this scenario will be elucidated 
with the experiment result in next Section 4.3. Figure 4.22, though adsorbent bed 
temperature decreases that is due to isosteric heat (exothermic heat). Such a scenario 
can be explained by the hypothesis that was postulated by De Groot, 1962, that is most 
of microwave energy transform to the potential energy flux due to the diffusion of 
molecules Jk in the field of force Fk.  The performance of this kind of working pairs 
can contribute to a higher COP.   
 
For (c) Transparent Adsorbent (DAY Zeolites) and Transparent Adsorbate (Argon, 
Carbon tetrafluoride (CF4), Carbon Tetra Chloride (CCl4),Propane (C3H8), etc which 
molecules have a center of charge symmetry); both adsorbent and adsorptive are 
unable to absorb the microwave power. Hence for such a working pair, microwave 
energy cannot transform into any kind of energy flux ( 0=⋅×∫∫S dSHE ). The 
microwave energy flux has no significant effect in the desorption process, and it is not 
a suitable pair for microwave application.  
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For (d) Partially Transparent Adsorbent (Silica gel) and Adsorbate which 
partially or totally absorbs microwave energy, a fraction of the microwave energy 
may transform to heat energy flux ( qS JdSHE =⋅×∫∫φ ) and some may transform to 
potential energy flux ( k
k
kS
FJdSHE ⋅=⋅×− ∑∫∫)1( φ ), where φ is the microwave 




General mass transport equation has been developed from the Reynolds Transport 
Theorem. The general mass transport equation can perform for the mass transferring 
process of various type of adsorption cycle. The kinetic mass transfer equation for the 
modeling of adsorption chiller cycle (type B adsorption process) is derived. Mass 
transport equations for various types of solid sorption process are classified 
accordingly in Table 3.1. The general energy balance equation for the desorption 
process under a microwave irradiation has been derived using the control volume at 
microscopic framework (Equation 3.12). Based on this general energy equation, the 
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Table 3.1. Brief description of mass transport processes in adsorption application. 
 
General mass transport 
equation                         
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- Adsorbate mass flow 
(velocity) is negligible. 
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obtained experimentally. 
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- Varying spatial velocity 
and concentration along the 
system. 
- Varying spatial pressure 
due to pressure drop. 
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Depending on the properties of working pair, the microwave energy transforms into 
either heat energy flux or potential energy flux and they are categorized in Table 3.2. 
 
Table 3.2. Examples of microwave energy contribution in desorption processes. 
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CHAPTER -  4 
 




For in-depth understanding of the electro-magnetically desorption process, the 
experimental analysis of microwave irradiation is carried out with the following 
processes; (i) Determining of the real and imaginary part of permittivity of the silica 
gel block (type RD silica gel) at various moisture contents, which is achieved by using 
Open-end Coaxial Probe method. It measures a prime parameter for the analysis of 
adsorbent’s characteristic under microwave irradiation. (ii) The experimental analysis 
of microwave-activated desorption is carried out by using two different but low 
dielectric adsorbents to understand the differences between electro-magnetically 
desorption process and thermally activated desorption at low permittivity. (iii) 
Experimental analysis is carried out in order to evaluate the change of activation 
energy, ∆Ea, due to microwave irradiation compared with conventional thermally 
activation energy. (iv) As activation energy ∆Ea decreases under microwave 
irradiation, the conventional kinetic adsorption equation which is a function of the 
∆Ea, could not be used in the simulation model of microwave-activated desorption. 
For this reason, the experiments are required to evaluate the empirical relation between 
the electric field intensity, desorption rate, and temperature increasing rate. (v) 
Furthermore, this chapter presents the numerical and experimental analysis of the 
- 60 - 
 
effect of an embedded conducting metal inside the workload on the microwave energy 
absorption.  
 
4.2.   Measurement of the Complex Permittivity  
 
The microwave energy transfer rate from a source to a load is dependable on the 
following parameters:- (i) Adsorbate uptake amount, (ii) polarization of adsorbate or 
adsorbent (iii) ion conductivity and (iv) frequency of electromagnetic field. Among 
these parameters, polarization which is characterized by relative complex permittivity 
(ε =ε'+jε") of the adsorbent and the adsorbate material plays the most significant role 
in microwave energy transfer (Cherbanski and Molga, 2008). The measurement of ε is 
crucial in designing a microwave-activated adsorption chiller system. However, 
measuring ε of adsorbent bed for desorption process is complicated due to dielectric 
properties of adsorbent as well as molecular structure of adsorbate. For instance, the 
adsorbate molecules that has center of charge symmetry such as argon, carbon tetra 
fluoride (CF4), methane (CH4), carbon tetra chloride (CCl4), propane (C3H8), etc., are 
non-polar and exhibit zero dipole moments (Metaxas and Meredith, 1983). These 
characteristics radically reduce the absorption of microwave energy. Therefore, 
adsorbates of the above characteristics are inappropriate to be use as refrigerants in 
microwave-activated adsorption chiller. On the other hand, adsorbate molecules such 
as water (H2O), urea (CH4N2O), acetone (CH3-CO.CH3), polyvinyl acetate (C4H6O2)n 
and protein molecules such as geltin, hemoglobin and serum pseudoglobulin-γ are 
among the preferable refrigerants for this type of chillers. These polarized adsorbates 
exhibit strong dipole moments that are capable of absorbing more microwave energy. 
However, acetone and polyvinyl acetate are flammable and reactive substance, 
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according to the safety issue, this point is needed to consider applying these substances 
as an adsorbate. In this study, silica gel and water are used as adsorbent and adsorbate 
respectively. 
The asymmetry structure of water, as shown in Figure 4.1, creates high ε of adsorbate.  
Therefore, the percentage of adsorbate amount influences the ε complex permittivity of 
adsorbent bed. For this reason, this study measures the complex permittivity of 






Figure 4.1. The asymmetry structure of water molecule. 
 
 
There are number of methods for measuring the relative complex permittivity. Each 
method has cons and pros for specific materials and frequency range, which are 
described in detail in the literature review section Section 2.3. There are numerous 
methods available to measure the complex permittivity of a material, however only a 
couple of techniques cover the broad frequency range that extends beyond several 
hundred MHz (Sheen and Woodhead, 1999). Turner (1993) conducted an exhaustive 
analysis and comparison among the methods of measuring the dielectric permittivity of 
rock solid. He highlighted that the Coaxial Cell technique is one of the most prominent 
techniques that yield accurate results for both the real and imaginary part of the 
complex permittivity. Nevertheless, the specimen preparation for this particular 
method is complicated and time consuming. It has to be emphasized that sampling rate 
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unacceptable due to larger variation of moisture content and thus leads to inaccurate 
results. Another popular technique utilized in the measurement of relative complex 
permittivity is the Open-End Coaxial Probe method. Owing to its shorter sampling 
time, this method is appropriate for measurement of specimens that exhibit large 
variations in the moisture contents. Apart from that, this method is handy in measuring 
semi-solid substances (solid in which water content is significant), where the structure 
and composition of this material can easily be affected during the specimen 
preparation and handling processes.  
 
The objective of this experiment is to measure the complex permittivity of the silica 
gel block at various moisture contents. This parameter is essential in simulating the 
distribution of electromagnetic field intensity. The simulation process is executed 
using the renowned HFSS® (high frequency structural simulator) software. 
 
4.2.1. Experiment of measuring complex permittivity  
 
The complex permittivity of adsorbent (type RD Silica gel block) with various 
moisture contents under different microwave frequencies is measured by Open-End 
Coaxial Probe technique. Moisture content is determined by firstly computing the dry 
bone mass of silica gel. The silica gel block is heated in a drying oven (Memmert 
drying oven GE-171) for over 30 hrs by gradually increasing the oven temperature. 
Caution has been taken to prevent the occurrence of thermal fatigue in the block. 
During the heating process, mass of the sample is continuously measured in order to 
determine desorption uptake amount and the desorption rate of the silica gel block. The 
measured results are indicated in Figure 4.2. After measuring the dry bone mass, the 
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block is placed inside in vacuum chamber where water vapor is subsequently 
introduced. Sufficient time is allowed for the water vapor to be uniformly adsorbed 
into the block. Then, the mass of the adsorbed block and the dry bone mass is used to 
evaluate the moisture content. Once the moisture content is obtained, the complex 
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Figure 4.2. The desorption amount and desorption rate profile for dry bone mass 
determination. 
 
This device comprises a transmission line probe HP 85070B that is directly in contact 
with the measuring the sample. The probe is connected to a HP 85070A network 
analyser (NA) that receives control inputs from a desktop via GPIB (IEEE488 
standard). The acquired data is then processed using in-built software of Hp Network 
Analyzer to compute the sample's real and imaginary permittivity against microwave 
frequency (in the wide frequency range from 0.5 GHz up to 4.0 GHz).  
 












Figure 4.3.  (a) Hp Network Analyzer for measuring and  computing the sample's 
real and imaginary permittivity against microwave frequency (b) Photo of 
reference liquid (deionized water) for calibration. 
 
4.2.2.  Results and discussion   
 
The standard calibration of this device can be achieved by three different methods 
namely; (i) open circuit calibration (ii) short circuit calibration using aluminium foil 
and (iii) reference liquid calibration. This thesis employed all the calibration methods 
where the first method, open circuit calibration, is conducted by measuring relative the 
permittivity without the presence of samples. The second method is conducted by 
pressing the probe against an aluminium foil which is placed on a flat rubber surface. 
The final method is carried out by immersing the probe tip into a known permittivity of 
a reference liquid (deionized water). Special care is taken to avoid air-lock at the probe 
tip. The probe tip is positioned approximately 4 cm above the bottom surface of the 
container to allow sufficient reflection by the surface. The real and imaginary part of 
the permittivity can be determined from the reflection coefficients at the probe-sample 
interface. The obtained data is then compared with other calibrated result reported by 
Alberto (2007). The result comparison is shown in Figure 4.4. 
(b) 
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Figure 4.4.  The measurement result of real and imaginary permittivity of 
reference fluid compared with other study. 
 
 
In thesis, all the 3 calibration methods are evaluated to guarantee the measurement 
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Figure 4.5. Real and imaginary permittivity (Dielectric constant) of Silica gel with 
various moisture contents; (a) Moisture content 7.756 gwv /kgsil, (b) Moisture 
content 28.955 gwv /kgsil, (c) Moisture content 61.603 gwv /kgsil, (d) Moisture 
content 272.981 gwv /kgsil, (e) Moisture content 284.11 gwv /kgsil, and (f) Moisture 




The measured real and imaginary permittivity values of the silica gel with respect to 
various moisture contents are shown in Figure 4.5. The results of the real (ε′) and 
imaginary (ε″) permittivity are plotted as a function of adsorbed moisture content at 
frequencies of 0.945 GHz and 2.45 GHz in Figure 4.5. These frequencies represent the 
standard frequencies values utilized in microwave heating application.  
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Figure 4.6.  Real and imaginary Permittivity of Silica gel with various moisture 
contents under difference frequencies. 
 
Figure 4.6 also include the findings of Nair and Thorp (1965) who reported on the 
permittivity values at lower frequencies ranges (0.1 MHz, 1 MHz, and 3 MHz). From 
the figure, it can be seen that the values of ε′ and ε″ gradually increase in the first 
linear region (0-70 gwv/kgsil for lower frequency and 0-100 gwv/kgsil for higher 
frequency) with respect to increment in adsorbed water amount. Sharper gradient is 
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observed at the second region (70-180 gwv/kgsil for lower frequency and 100 gwv/kgsil 
for higher frequency). Similar trend is observed at both the low and high frequency 
ranges. In the first linear region, there are less adsorbed water molecules resting on the 
surface of adsorbent. Thus, only a monolayer of water molecules is formed. The 
presence of this monolayer leads to a stronger molecular bonding between the 
adsorbent and adsorbate. Stronger bonding yields a stiff polar orientation thus causing 
lower slope ε′ this region. As for the second region (70-180 gwv/kgsil for lower 
frequency and 100-200gwv/kgsil for higher frequency), the additional adsorbed water 
molecules complete the monolayer as well as forming a new layer. It has to be 
emphasized that the adsorbate formed at this new layer has weaker molecular bonds 
with the adsorbent which results in higher degree of orientation freedoms in the 
electric field. Therefore, sharp increase in ε′ and ε″can be observed in this region. It is 
worth to mention that different regional boundaries are observed for low and high 
frequencies. This may be due to the differences in pore volumes, pore radius 
distributions, and surface areas. The third region (hysteresis region) is not considered 
in this study due to limitations of the Open-End Coaxial Probe method, where it is 
difficult to introduce adsorbed water beyond 200 gwv/kgsg into the silica gel block. As 
mentioned earlier, complex permittivity is an essential parameter in simulating the 
distribution of electromagnetic field intensity.   
 
4.3. Experimental Analysis of Desorption Process under Microwave   
       Irradiation 
 
The transformation of microwave energy (cross product of electric field intensity vector 
and magnetic field intensity vector, ExH, V/m x A/m) into heat energy and potential 
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energy flux depends on the properties of adsorbent and adsorbate. This scenario has been 
sufficiently discussed in Chapter 3. Microwave-activated desorption can be 
approximated as thermally-activated desorption if the working pair satisfies the 
following criterion:- (i) Adsorbent is totally opaque to microwave propagation and (ii) 
Adsorbate is transparent to microwave propagation. The heat energy is transformed 
from the microwave energy by only vibrating the adsorbent molecules. Therefore the 
energy transfer from the heated adsorbent to the adsorbate required during desorption 
process is purely from the temperature gradient across the working pair. This validates 
the above mentioned approximation. However, most of the adsorbents for adsorption 
chillers system are semi-transparent while most of the adsorbates exhibit strong 
affinity in absorbing microwave energy. In this view point, the microwave energy may 
transform into both heat energy and potential energy (liberation of adsorbate molecules 
from the attraction force of physical reaction). This study also investigates the 
desorption of partially transparent working pair under microwave irradiation. Series of 
experiments are conducted to explore in-depth the phenomenon of the microwave 
activated desorption process for working pairs that violate the requirement of thermally 
activated desorption. 
 
4.3.1. Experimental apparatus 
 
The experimental apparatus consists of a 290 mm x 270 mm x 270 mm stainless steel  
rectangular cavity, magnetron, rectangular wave guide, data-logging system, micro 
balance, ultrasonic humidifier, infrared temperature sensor, Erms measurement system, 
and water container.  
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Figure 4.7.  Schematic diagram of experimental setup. 
 
The schematic diagram of the apparatus is shown in Figure 4.7 (apparatus photo is in the 
Appendix C.3). Microwave energy, generated by a OM75P(SAMSUNG) type 
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magnetron at a frequency 2.45 GHz, is channeled into the rectangular cavity by a 
standard rectangular wave guide (WR 340) with a cross section dimension of 86 mm x 
43 mm. Device under Test (DUT) system, which is placed on a micro balance, includes 
a nylon crucible that houses the sample. Nylon is preferred due to its transparency to 
microwave propagation. The micro balance is interfaced with a computer to acquire the 
adsorbent mass. As for temperature measurement of the DUT, an infrared temperature 
sensor is chosen due to capability of the sensor to measure the temperatures without any 
physical contact with the DUT. Apart from that, non-contact measurement also allows 
accurate DUT mass measurements as there in no additional weight on the DUT due to 
the presence of the sensor. In addition, infrared sensor causes no interference to the 
microwave propagation inside the cavity as the sensor is mounted outside the cavity. The 
calibration record certificate of this infrared sensor calibration is attached in Appendix 
C.1. 
 
The constant vapor pressure around DUT is maintained by using the following 
equipment: - (i) ultrasonic humidifier (SONICMISTY CFK 1S) (ii) controllable heater (iii) 
axial flow fan with variable speed (iv) RH probe (v) temperature sensor and (vi) 
LabView control system. As for the measurement of electric field intensity in microwave 
environments, the renowned “minimally perturbing” method is employed. This simple 
method uses a cell device that consists of a small glass tube (Diameter =0.393 cm) and 
4W RTD temperature sensor. A small amount, approximately 0.3 ml, of very “low loss 
dielectric” material (transformer oil, ε″≈ 0.02) is used to simulate the minimally 
perturbing environment. This cell is used to measure the external electric field intensity 
(effective electric field intensity), Erms,external around the vicinity of DUT. The measured 
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Erms,external value can be computed from Maxwell’s equations of electromagnetic wave 
(Metaxas and Meredith 1983). The equation is defined as :-     









                                            (4.1) 
where εo is dielectric constant of vacuum or free space,  ε″eff,oil  denotes dielectric loss 
factor for transformer oil, moil and Cpoil represent the mass and thermal capacitance of 
transformer oil, ∆T is temperature increasing during the microwave radiation, and ∆t 
represents that microwave activated time.  
 
For the electric field intensity of the adsorbent sample DUT, Erms,internal can be calculated 
by using the value of  the electric field strength outside the DUT (Erms,external) (White, 
1970). The equation is 













                                          (4.2) 
 where  Erms,internal  refers to electric field intensity of the adsorbent sample DUT , and 
ε′ denote the dielectric constant of the sample adsorbent.  
In this experiment, we use the low dielectric constant adsorbent FAM-Z01 zeolite, a 
product of MITSUBISHI Chemical Corporation. The FAM-Z01 zeolite is exposed to a 
constant temperature of 20 °C and RH 96% and the mass of the DUT is concurrently 
recorded. After a certain time frame, it is observed that the recorded mass of the DUT 
reaches a steady value, thus indicating that an equilibrium condition between the DUT 
and the simulated environment. At this point, the magnetron is switched on for 150 s to 
irradiate the microwave energy into the cavity that also houses a 250 ml water 
container. This set of experiment is then repeated by substituting the FAM-Z01 zeolite 
with a type RD silica gel. Test results obtained from both experiments are then used to 
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evaluate the effect of dielectric constant of different adsorbents on the microwave 
energy absorption.  
  
4.3.2. Results and discussion 
 
Figure 4.8 shows the temperature profiles and reduction in DUT mass due to desorption 
of FAM-Z01 Zeolite and Type RD silica gel under microwave irradiation.  
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Figure 4.8. Temperature and mass history of the FAM-Z01 Zeolite and Type RD 
silica gel under microwave irradiation. 
 
The temperature of FAM-Z01 Zeolite sharply increases to approximately 40 °C within 
few seconds after the switching on the magnetron. It reaches a peak value of 
approximately 48 °C before exhibiting a declination in temperature. In contrast, silica 
reaches a maximum temperature of 79 °C under the same environment and electric 
field intensity (0.3cm3 of water load). Dielectric properties of both adsorbent and 
Power off Power on 
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adsorbate determine the peak temperature of DUT. Since similar adsorbate (water 
vapor) is used in this experiment, the peak temperature is only governed by the 
dielectric properties of the adsorbents. The higher dielectric property of silica gel 
enhances the transfer ratio (φ ), thus augmenting the conversion of microwave energy 
to heat energy [ ∫∫ ⋅×= Sq dSHEJ φ ]. On the other hand, zeolite, which is highly 
transparent to microwave energy propagation due to lower dielectrics, has lower 
transformation ratio. In other words, more potential energy flux is generated by the 
microwave energy. These explain the higher peak temperature observed in the silica 
gel compared to the zeolite.    
 
As the experiment investigates the microwave activated desorption for transparent 
adsorbent (FAM-Z01 Zeolite) and high microwave energy affinity adsorbate (water 
vapor), further discussion will be only focusing on the usage of zeolite and water vapor 
as the working pair. As depicted in Figure 4.8, temperature rise during microwave 
activation   is influenced by the 3 contributing factors namely (i) Inter-vibration of 
working pair (ii) Intra-vibration of adsorbent and (iii) Inter-vibration of adsorbate. The 
initial temperature rise in DUT is mainly due to inter-vibration of the working pair and 
partially assisted by the intra vibration of zeolite that contains less dielectric constant. 
The lower dielectric constant implies lower transformation ratio and thus less heat is 
generated by the adsorbent [ ∫∫ ⋅×= Sq dSHEJ φ ]. At this similar time frame, it can be 
observed from Figure 4.8 that the mass of the DUT decreases, thus confirming the 
desorption process. It can be claimed that the desorption process in Region A is caused 
by both thermal and electro-magnetic activations.  However, in the Region B, the 
desorption process is mainly driven by electro-magnetic activation. Due to positive net 
energy transfer between the higher exothermic heat of desorption (Hads) and lower 
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microwave energy transformation in zeolite, thus justifying the temperature declination 
in the DUT at this region. From Figure 4.8, it can be clearly seen that desorption 
process continues with the declination in the DUT temperature. This is an impossible 
phenomenon for the view point of thermal activation system. Therefore, it can be 
experimentally confirmed that electro-magnetic activation is the only possible 
contributing factor for the desorption process to take place in this region. The 
electromagnetic activation required for desorption is generated in the zeolite as a result 
of the lower transformation ratio that enhances the conversion of microwave energy 
into the potential energy flux. Similar findings are reported by D. Bathen et al who use 
adsorbent DAY Zeolite (Dealuminized-Y-Zeolite) and water as working pair. The 
paper concludes that transparent adsorbent yields higher COP compared to opaque 
adsorbent. 
 
4.4. Analysis of Thermal Physical Properties under Microwave  
       Irradiation  
 
Electro-magnetic energy transfer by microwave irradiation is capable of the altering 
thermal physical properties of a particular material. This has been verified by the 
findings of Laurence and André (2001). They reported on the difference of boiling 
points between conventional heating and microwave irradiation under similar test 
conditions. In addition, Lewis et al., (1992) experimentally prove that chemical 
reaction rate under microwave irradiation is faster than the conventional heating, thus 
decreasing the Activation Energy 105 kJ/mol to 55 kJ/mol. It can be claimed that 
similar to chemical reaction rate, microwave irradiation is also capable of reducing the 
physical reaction, such as desorption process. The following experiment attempts to 
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validate that the activation energy of physical reaction (desorption process) under 
microwave irradiation is less than thermally desorption.    
 
4.4.1. Experimental set up 
 
The schematic diagram of the experimental set up is shown in Figure 4.7. The dry bone 
mass of the Type RD silica gel (surface area is typically in the region of 650–900 m2 g–
1) is obtained by heating the sample using a dry-mass measuring oven (COMPUTRAC 
MAX 5000). The dry sample Type RD silica gel is then placed inside the resonant cavity 
using a crucible. The test condition inside the cavity is maintained at a constant 
environment temperature of (20 °C) and RH (67%). Gradual increase in the mass of the 
specimen can be observed as the gel reaches equilibrium state with the simulated 
environment. At this equilibrium point, the magnetron is switched on for a period of 90s.  
 
4.4.2. Results and discussion 
 
Figure 4.9 shows the temperature profile and the uptake kinetics of the sample. The 
relative humidity in the cavity is maintained at 67% with an acceptable uncertainty of 
±1.2%. The uptake kinetic observed during this process can be described by one of the 
following fundamental equations: - (i) pseudo first order (linear driven force model) 
equation and (ii) pseudo second order equation. Lewis et al, (1992) approximated the 
kinetic condition using the pseudo first order (linear driven force model). The mass 
transfer coefficient (ksa) value is obtained by curve fitting the slope of ln absorbance 
versus time graph which is derived from the linear driven force model equation. 
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However, many researchers opted to use the pseudo second order equation (Ho model) 
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It has been reported that Ho model yields the best fit with the experimental result for 
evaluation the mass transfer coefficient (ksa) (Ho, 2004, Vasanth Kumar, 2006). 
Derived from the pseudo second order equation, Ho model can be expressed as 
following:-  





                                                    (4.3)
 
 
                                                                                                                                    
(4.4) 
 
In this study, both methods are employed to determine the best ksa values and it was 
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included in Appendix C.2. Figure 4.10 depicts that the plot for second order kinetic of 
absorbance (t/q) versus time (t). The high R2 value reflects the good accuracy of Ho 
model. The mass transfer coefficient (ksa)mic  under microwave irradiation can be 
evaluated from the slope of this linear curve. 
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Figure 4.10. The linear relation between kinetic absorbance (t/q) versus time (t). 
 
Activation energy of microwave irradiation ∆Eamic can be calculated from the ratio of 
conventional and microwave activation mass transfer coefficient. The equation is as 
follows;  
                                                                                                                                    (4.5) 
 
The calculated Activation Energy under microwave irradiation (∆Eamic = 31.4306 
kJ/mol) is 25.2% lesser than the thermally Activation Energy (∆Eaconv 42.0 kJ/mol). 
This finding clearly implies that microwave energy is capable of reducing the physical 
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4.5. The Experimental Evaluation for Empirical Relation  
 
It has been experimentally proved that microwave irradiation alters the reaction rate and 
activation energy. Hence, the conventional kinetic equation, which related to the 
isotherm equilibrium equation, is unable to predict the dynamic desorption mass under 
the microwave irradiation. For this reason, the empirical relationships between electric 
field intensity and mass transfer coefficient as well as temperature increasing rate are 
required in simulating  microwave-activated desorption process. 
 
4.5.1. Experimental set up 
  
Similar to the previous experiments the specimen (type RD silica gel) is placed inside 
the cavity at a constant environment condition (Temperature, RH) and is allowed to 
reach its equilibrium condition before the magnetron is switched on for a period of 90 
s. The mass and the temperature profile are acquired through out the desorption 
process. The process is repeated at 48 different conditions by varying the electric field 
intensity, RH and environment temperature. Electric field intensity, determined using 
the small perturbation method, is varied by manipulating the water load of the cavity. 
Mass transfer coefficient under microwave is then computed using the Ho Model. 
  
4.5.2. Results and discussion 
 
Figure 4.11 shows the temperature profile of the sample and transformer oil respectively  
at four different water loads at constant environment condition (T=30C, RH=62%). The 
decreasing mass of the sample at this condition is shown in Figure 4.12. 




















Figure 4.11. The history of sample ( - Red color line) and transformer oil ( - 
Orange color line) temperature for four different water loads under the same 






Figure 4.12. Mass profiles of the sample under the same environment 
temperature 30 C and RH 62% with four different water loads. 
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After completing all the 48 test conditions, the empirical correlation between the mass 
transfer coefficient of (ksa) and Erms internal at various water vapor pressures is 
established. This relationship is depicted in Figure 4.13 where the water vapor pressure 













Figure 4.13. Mass transfer coefficients versus electric field intensity with various 
water vapor pressures(Experiment data) (- Empirical data). 
 
The empirical correlation for ksa with respect to electric field intensity and water vapor 
pressure can be expressed as following:  
                               [ ] [ ] bKwvaKernalrmsKs PEAak int=                           (4.6) 
Based on the experimentally obtained values of ksa, Erms internal, and Pwv, the coefficients 
of Equation 4.6 are regressed using Solver, a build-in tool kit of Microsoft Excel office. 
The output of the regression analysis is as following: - (i) AK = 0.005313 (ii) aK = 
0.579103 (iii) bK = 0.553836 and (iv) Root Mean square error of 2.96767759 %. The 
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regressed model and the experimental result. Besides the above mentioned empirical 
mass transfer equation, microwave activated desorption process also requires empirical 
relationship between temperature increment rate and electricity field intensity. Figure 
4.14 shows the temperature increasing rate (∆T/∆t) versus electric field intensity (Erms 
internal) with various water vapor pressures. This relationship can be defined as 
following:- 
                [ ] [ ] bTwvaTernalrmsT PEAdt
dT
int=                                (4.7) 
From the regression analysis, the following coefficients are obtained (i) AT =  























Figure 4.14. Temperature increasing rate versus electric field intensity with 
various water vapor pressure (Experiment data) (- Empirical data).  
 
Benchanaa et al. (1989) also conducted experiments to develop the mass transfer 
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power rather than electric field intensity as one of the independent variables. It has to 
be emphasized that microwave power largely depends on the reflection, waveguide 
and resonant cavity. These parameters might severely affect the generic accuracy of 
their correlations. Nevertheless, our regressed model is believed to be more universal 
as the electric field intensity is measured just above the sample. 
  
4.6. The Effect of Conducting Metal on the Microwave Energy 
Absorption 
 
Numerous studies highlight that workload geometry, position and aspect ratio 
(workload volume/cavity volume) strongly affect microwave energy absorption. The 
adsorbent bed of microwave-activated adsorption chiller system has a very 
complicated geometrical shape. The complexity is further increased by embedding 
copper tubes inside the adsorbent bed. Conducting material, such as copper tubes, 
generate surface current along its plane when exposed to electromagnetic field 
intensity. Voltage breakdown takes place when electric field intensity reached the 
critical voltage level and resulting in workload failure (Meredith, 1998, Joos, 1951). 
Therefore, questions have been raised on the feasibility of using microwave irradiation 
on metal embedded adsorbent bed. This section investigates on the usage of metals in 
the low dielectric material. Both experiments and electromagnetic simulations are 
conducted to get a deeper understanding on this issue. 
 
4.6.1. Experimental set up 
 
The experimental setup (shown in Figure 4.15) consists of the microwave heating 
system, power meter, load cell, DC power supply, and HP Agilent 34970A data logger. 
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The microwave heating system consists of a 2.45 GHz magnetron with a maximum 
power of 1 kW. The electromagnetic waves generated from the magnetron propagate to 
the multimode resonant cavity (applicator) through the rectangular WR 340 wave 
guide (86 mm x 50 mm).  The dimensions of the multimode resonant cavity are 290 
mm x 290 mm x 210 mm. The test sample is a cylindrical nylon block which 
dimensions are 90 mm diameter and 80 mm height. The reason of using nylon block is 
that it has low dielectric property which is similar with silica gel adsorbent’s dielectric 
property. Furthermore, there is no moisture content in the nylon block, and that can 
avoid the endothermic effect on the evaluation of microwave energy absorption. The 
nylon block sample is placed at the center of the multimode resonant cavity and 50 mm 
above from the bottom surface of the applicator. There are four temperature sensors 
inserted into the nylon block (as shown in Figure 4.16), and HP Agilent 34970 A is 
performed to acquire this temperature data and the voltage signal from the load cell. 
Although dielectric property is typically a function of the temperature, in this study, the 
dielectric property of the test sample is assumed as a constant because the temperature 
variation is not too high in this experiment. The function of the load cell is to check the 
variation of moisture content of the sample whether it is within the acceptable range. In 
this experiment, the copper sheet, dimension 90 mm x 60 mm x 0.8 mm, is used as a 
conductor sheet and it is inserted at the middle of the test sample (shown in Figure 
4.16). Three types of experiments are conducted to analyze the effect of metal sheet on 
microwave energy absorption by the evolution of the temperature variation. These are 
namely (i) without inserting the conductor sheet (ii) with the conductor sheet which 
direction is perpendicular to the wave port direction, and (iii) with the conductor sheet 
which direction is parallel to the wave port direction. 
 







Figure 4. 15. Experimental setup for dielectric heating method. 
Microwave energy absorption can be evaluated by using the result of the sample’s 










Figure 4.16. The arrangement of temperature sensor reflector in the sample. 
 
4.6.2. Electric field intensity and power dissipation  
 
Microwave activation to the nylon block is microwave heating application only because 
there is no moisture content in the nylon block, and it results that there is no potential 
energy flux. Therefore, all the microwave energy flux activating on the nylon block is 
converted to the heat energy [ ∫∫ ⋅×= Sq dSHEJ  ]. Furthermore, since the sample has no 
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moisture content, there is no need to consider of the latent heat in the calculation of 
temperature distribution from the microwave energy. For this reason, the temperature 
distribution of the sample can convey the microwave energy absorption pattern.  There 
are two approaches to calculate the temperature of the sample from the microwave 
energy flux. The first approach consists in solving the Maxwell’s equation and a heat 
source term is deduced from the electric field intensity. The second approach is based on 
the Lambert’s power distribution equation. Numerous of works conducted the evaluation 
of temperature distribution from electric field by using this two methods and verified 
against the experiments [discussed detail in Section 3.5]. All of these works show that 
the first approach can offer better performance for evaluation of the microwave heating 
application especially if the workload performs as a self-dielectric resonator (DR). 
According to the simulation results (Figure 4.18, 4.19, 4.20), the nylon block has 
perform as a self-dielectric resonator (DR), and therefore the first approach, Maxwell’s 
equation method, is selected to evaluate the temperature distribution pattern. 
Microwave propagation of Maxwell equation is driven from the two concepts 
Faraday’s law and Ampere’s law (which is discussed detail in Section 5.2).  The 
microwave energy flux (Equation 4.9) can be derived from the electric field intensity 
of the Maxwell’s wave propagation equation (Equation 4.8), and the derivation is 
discussed in Section 3.4. 














                                     (4.8) 
where E  denotes the Electric Field Intensity (V/m), µ represents Permeability of 
material, σ is the Electrical Conductivity ( S/m ), and ε refers to the Absolute 
Permittivity of Dielectric ( F/m).
 
                                                
VEfP oavg
22 εεπ ′′=
                                                   (4.9) 
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where f denotes the frequency of electromagnetic wave, εo is free space or vacuum 
permittivity, ε″ is the imaginary part of permittivity, and V is volume of the workload. 
We can simplify the energy equation (Equation 4.9) to the temperature distribution 
equation (Equation 4.10) due to the following reasons; (i) all the microwave energy flux 
activating on the nylon block is converted to the heat energy [ ∫∫ ⋅×= Sq dSHEJ  ],  (ii) 
there is no latent heat term because of no moisture content, and (iii) neglect the heat 
loss term because of very short execution time and very low thermal conductivity.  




                                (4.10) 
where Qmicr,abs denotes the microwave energy absorbed by the work load, and Qloss is 
heat loss from the workload. 
                               
22)( EfTk
t
TCp onylon εεπρ ′′+∇∇=∂
∂
                                             (4.11) 
where E refers the electric field intensity inside the work load. The temperature 
increasing of specific region around the temperature sensor is calculated by using the 
second order partial differential energy balance equation (Equation 4.11). This model 
equation is solved by the simple explicit finite difference method using forward-time 
and central-space (FTCS) discretization, and it gives the following equation; 











































































                                                                                                                                  (4.12)
 
where Ei,j,k is the electric field intensity of each node around the sensor point. To 
obtain the meaningful results, the stability criterion for the finite difference 
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approximation (Equation 4.12) by the simple explicit method of the three dimensional 
linear temperature diffusion equation in the x,y,z rectangular coordinate is as follows; 










nylonρ                                          (4.13) 
For the value of Ei,j,k , this study use HFSS® (high frequency structural simulator) 
software to simulate the propagation of electromagnetic wave and its distribution 
pattern of electric field intensity. The model equation (Equation 4.8) is solved by time 
domain Maxwell’s electromagnetic wave propagation equation, and the shape of 
elements which compose of the workload and applicator is tetrahedrons and the mesh 
structure is shown in Figure 4.17. This simulation was carried out by using 65120 
tetrahedrons elements, and the working time of Intel Pentium Dual Core processor 
CPU is 11 min 29 Sec at 2.5 GHz with 2GB RAM, running on Window XP operating 
system. The multimode resonant cavity wall is metal sheet, and therefore the boundary 
condition can be assumed as a perfect electrical conductor for electromagnetic wave 
propagation equation. In this simulation the dielectric property is assumed as a 
constant.










Figure 4.17. The mesh structure of test sample for electromagnetic field pattern 
simulation. 
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4.6.3. Simulation and experimental results  
 
Figure 4.18 (a) shows the position of the workload inside the cavity and the  
distribution pattern of the electric field intensity on the upper surface of the applicator. 
Figure 4.18 (b) shows the spatial electric field intensity of the sample’s vertical plane 
and horizontal plane on which temperature sensor no.1 exists. Figure 4.18 (c) shows 
the distribution of electric field intensity of the sample’s vertical surface and two 
horizontal surfaces where temperature sensor no.2 and 4 are positioned. The simulation 
result shows that the workload in which there is no metal sheet inserting is perform as 
a self-dielectric resonator (DR). There are two resonant modes inside the work load 
(see Figure 4.18 (a)). Figure 4.18 (a) shows that the electric field pattern on the top 
surface of the applicator are more likely to result in two half-wavelength of sinusoidal 
modes in the Y-direction and two half-wavelength of sinusoidal modes in the X-
direction. However, two half-wavelength of sinusoidal modes are combined as one 
large half-wavelength of sinusoidal mode in the third row which is far from the 






     



































Figure 4.18. The electric field distribution patterns of various planes in the sample 
without inserted the reflector (a) Electric field distribution pattern on the top 
surface of the applicator (b) on the plane surface 10mm above from the bottom 
(First temperature sensor) (c) on the plane surfaces 30 mm (Second temperature 
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Figure 4.19 shows the simulation result of electric field intensity of the applicator and 
the workload in which the metal sheet is inserting and its direction is perpendicular to 
the wave guide direction. Figure 4.19 (a) shows the distribution pattern of the electric 
field intensity on the upper surface of the applicator and the direction of the metal 
sheet inside the workload. Figure 4.19 (b) shows the spatial electric field intensity of 
the sample’s vertical plane and horizontal plane where temperature sensor no.1 exists. 
Figure 4.19 (c) shows the distribution of electric field intensity of the sample’s vertical 
surface and three horizontal surfaces where temperature sensor no.1, 2, and 4 are 
positioned. The simulation result shows that the workload which performs as a self-
dielectric resonator (DR) has only one big resonant mode inside the work load (see 
Figure 4.19 (a)). Figure 4.19 (a) shows that the electric field pattern on the top surface 
of the applicator are more likely to result in three half-wavelength of sinusoidal modes 
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Figure 4.19. The electric field distribution patterns of various planes in the sample 
with inserted the reflector, and its direction is perpendicular to the direction of 
wave guide (a) Electric field distribution pattern of the applicator top surface (b) 
plane surface 10mm above the bottom (First temperature sensor) (c) plane 
surfaces 30 mm (Second temperature Sensor) and 70 mm (Third temperature 
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Figure 4.20 show the simulation result of electric field intensity of the applicator and 
the workload in which the metal sheet is inserting and its direction is along to the wave 
guide direction. Figure 4.20 (a) shows the distribution pattern of the electric field 
intensity on the upper surface of the applicator and the direction of the metal sheet 
inside the workload. Figure 4.20 (b) shows the spatial electric field intensity of the 
sample’s vertical plane and horizontal plane where temperature sensor no.1 exists. 
Figure 4.20 (c) shows the distribution of electric field intensity of the sample’s vertical 
surface and three horizontal surfaces where temperature sensor no.1, 2, and 4 are 
positioned. The simulation result shows that the workload which performs as a self-
dielectric resonator (DR) has two resonant modes inside the work load (see Figure 4.20 
(b)). One big resonant mode is middle of the work load, and two half of modes are 
occurred at the boundary of the workload. Figure 4.20 (a) shows that the electric field 
pattern on the top surface of the applicator are more likely to result in three half-
wavelength of sinusoidal modes in the Y-direction and three resonant modes in the X-





































Figure 4.20. The electric field distribution patterns of various planes in the sample 
with inserted the reflector, and its direction is along the direction of wave guide 
(a) Electric field distribution pattern of the applicator top surface (b) plane 
surface 10mm above the bottom (First temperature sensor) (c) plane surfaces 30 
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Figure 4.21, 4.22, show the simulation against the experimental result of the 
temperature increasing profile of the workload in which no metal sheet is inserting 
(Figure 4.21), and metal sheet is inserting and its direction is along the wave guide 
direction (Figure 4.22). The solid points are the measuring temperature value of each 
point before just microwave heating on and after microwave heating off. The 
temperature increasing rate predicted by the simulation equation (Equation 4.12) is 
quite closed with the experimental results. Figure 4.18 Shows that the electric field 
intensity at point 3 and 4 is higher that point 2 and 1. Accordingly, Figure 4.21 Shows 
that temperature of point 3 and 4 is higher than other points 2 and 1. Similarly, Figure 
4.20 and 4.22 as well. Temperatures of the points are directly related with the electric 
field intensity of those points. Hence, the spatial absorption of microwave energy by 
work load (dissipated microwave energy in the work load and it cause temperature 
increasing) can be described by the distribution of electric field intensity., the average 
value of electric field intensity of the workload without embedding metal is 1501.21 
V/m, the workload with embedded metal sheet which direction is perpendicular to the 
wave propagation is  1598.73 V/m, and the workload with embedded metal sheet 
which direction is along the wave propagation is  1685.43 V/m. According to the 
average value of the electric field intensity, the average value (which convey the 
microwave energy absorption amount) of the workload with embedded metal sheet 
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Figure 4.21. Simulation and experimental temperature history of each sensor 













Figure 4.22. Simulation and experiment temperature history of each sensor point 
with using the metal sheet which direction is along the wave port direction. 
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4.6.4. Conclusion and discussion 
 
This study numerically and experimentally investigates the effect of embedding metal 
sheet on the microwave energy absorption for low dielectric property material (low 
relative permittivity). From this study, we conclude that the metal embedded inside the 
low dielectric workload can enhance the microwave energy absorption under the 
electric field intensity below about 2000 V/m. In this electric field intensity, this 
experiment shows that there is no spark (voltage break out) around the metal sheet. 
However, this study could not provide the maximum value of electric field intensity 
where voltage breaks out because the power of magnetron used in this experiment is 
limited. The major findings from these analyses are:- (i) The workload with the 
embedded metal sheet parallel to the wave propagation can absorb more microwave 
energy than the other two experiments. This is due to the longer running surface 
current created by the electromagnetic field on the metal surface. In short, the 
microwave energy is able to travel along the metal surface without reflection. (ii) The 
second experiment that use perpendicular metal sheet to the wave propagation 
performs slightly better than the first experiment. Nevertheless, it is less effective if 
compared with the parallel metal sheet experiment. The position of perpendicular 
metal sheet hinders the downstream wave propagation after the metal sheet (Figure 
4.19). Based on these two hypotheses, the design of adsorbent bed-heat exchanger for 
a microwave activated-adsorption cooling system is proposed as shown in Figure 4.23. 
The conventional structure of fin-tube adsorbent bed is shown in Figure 4.23(a). This 
typical fin tube design is widely applied in adsorption cooling systems because of its 
compactness and high fin area per pipe length. However, this perpendicular fin-tube 
design deems to be inappropriate for a microwave-activated adsorption cooling system. 
 











Figure 4.23 (a) Typical heat exchanger of fin-tube adsorbent bed, (b) proposed 
heat exchanger of fin-tube adsorbent bed. 
 
As describe earlier, perpendicular wave propagation to the heat exchanger is 
unfavorable due to larger reflection. It is more feasible to employ the proposed parallel 
fin-tube adsorbent bed (Figure 4.23.b) in a microwave-activated adsorption cooling 
system as the longer surface current can be achieved, thus enhancing the electric field 
intensity in the adsorbent bed. 
 
(a) (b) 
- 101 - 
 
CHAPTER - 5  
 
Numerical Simulation and Design Analysis for a Microwave-





This chapter firstly discusses the fundamental aspects of electromagnetism and the 
derivation of electromagnetic wave’s propagation equation. The electric field 
distribution mode in the standard wave guide WG 9A and the frequency of the 
microwave travelling in the waveguide are predicted by using analytical solution 
equations of the wave equations. The optimized coupling style between the source 
generator and the multimode resonant cavity called applicator is also analyzed. 
Furthermore, the dimension of applicator was predicted by the equation which derived 
from the wave propagation equation. However, these computed dimensions may be 
unreliable for designing the multimode cavity of adsorption bed because the derivation 
of this predicting equation is based on the empty resonant cavity. However, in reality, 
the resonant cavity (applicator) is normally filled with partial work load (adsorbent 
bed). Hence this equation might not perform very well for predicting the dimensions of 
partially filled resonant cavity. For this reason, the commercial software, High 
Frequency Structure Simulation (HFSS®), was used to evaluate the resonant cavity 
dimension of the applicator with a silica gel work load, as discussed next.  The 
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predicted dimension from the analytical equation was exported to HFSS® software 
program and iterations were performed until a converged solution of the resonant 
cavity dimension and satisfied distribution pattern of electric field intensity was 
obtained. With this approach, savings in computational time are achieved in simulating 
the electromagnetic field distribution pattern. From the HFSS® simulations, the electric 
field intensity’s root mean square value Erms can be obtained. Finally, this chapter 
discusses a general thermodynamic approach for developing the energy balance 
equations for the whole adsorption chiller system.  A parametric study of the variable 
microwave irradiation time is undertaken to optimize the COP with varying 
microwave irradiation time. This chapter concludes with a discussion about the 
simulation results and their validation.  
 
5.2. Frame Work for the Electromagnetic Wave Propagation 
   
Christian Oersted (1777-1851) first realized the connection between magnetism and 
electricity from the observation (the magnetic needle oriented itself is perpendicular to 
a wire carrying an electric current) (Thuéry, 1992). To clarify the derivation of the 
electromagnetic wave equation, some fundamental terms and equations of electricity 
and magnetism are listed in Table D.1, Appendix D. André-Marie Ampère (1775-
1836) showed that the spatial variation of the magnetic field intensity, H is related to 
the current density, J (= σE) and Electric Flux Density, D, and it can be expressed as 
follows (Thuéry, 1992): 





+=×∇ σ                                               (5.1) 
where, E is the Electric Field Intensity (V/m), σ is the Electrical Conductivity  (S/m), 
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and D refers the  Electric Flux Density  (FV/m2 ) which is defined by the constitutive 
relation; 
                                  D =  ε E                                                 (5.2) 
where ε is the Absolute Permittivity of Dielectric ( F/m), a real quantity given by 
                            ε =  εo  εr                                                                (5.3) 
where εr   is the Relative Permittivity  or  Dielectric Constant  (Unit less), and εo is the 
Free Space or Vacuum  Permittivity  ( F/m ). Michael Faraday (1791-1853) also 
introduced the concept that the spatial variation of the Electric Field Intensity E is 
related to the Magnetic Flux Density B (Webers/m2 ) (or)  Tesla, and it can be 
expressed as follows (Thuéry, 1992): 





−=×∇                                                      (5.4)   
The Laws of Faraday and Ampere opened the way for the development of a 
propagation theory of electromagnetic waves. From these two principles, James Clerk 
Maxwell (1831-1879) developed the theory that the electromagnetic wave has two 
components, viz. an electric field (E; unit V/m) and a magnetic field (H; unit A/m) that 
are vectors, always perpendicular to each other and varying in both time and space 






Figure 5.1. The perpendicular vectors of electric field and magnetic field. 
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As the two perpendicular fields are dependent on each other, an electromagnetic wave 
may become a self propagation wave. In free space the propagating wave has a 
velocity (c0) of about 3.0 x 108 m/s (the speed of light and maximum speed at which 
energy can travel). The frequency (f) and wavelength (λ) are related by the equation: 
                                                              c = λ f                                                           (5.5) 
This electromagnetic wave’s propagation equation can be derived from the Laws of 
Ampere and Faraday.  By taking the curl of Equation (5.4), we obtain; 






)(                                    (5.6) 
As B = µH  and  µ = µ0µr  ( See Appendix D.1), Equation (5.6) becomes:   






)(µ                                              (5.7) 






)(2 µ                                         (5.8) 
where µ is Permeability of material. Then Ampère’s Equation 5.1 and Equation 5.2 
substitute in Equation 5.8, then the equation becomes as follows; 












=∇ µεµσ                                    (5.9)       
This equation is known as Maxwell’s Electric Field Intensity Distribution Equation. 
Also starting by taking the curl of ∇ x H and using a similar analysis, it may be easily 
shown that 












=∇ µεµσ                               (5.10)       
The equation is known as Maxwell’s Magnetic Field Intensity Distribution Equation.  
These two classical equations of Maxwell describe the characteristics of the electro-
magnetic field inside the applicator and waveguide. 
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5.3.  Microwave-Activated Application Design 
 
Nowadays, microwave irradiation is widely used in many applications due to its merits 
of energy saving and reduction of processing time. In microwave applications, there 
are three essential major components of the process namely the (1) magnetron, which 
is the electromagnetic power source and generates electromagnetic waves, (2) wave 
guide, which allows the electromagnetic wave to travel from the generator 
(electromagnetic wave source) to the destination space (applicator), (3) multimode 
resonant cavity or applicator where the load is placed to heat up. 
 
5.3.1.  Microwave generator  
The magnetron which generates high frequency electromagnetic wave is a heart of the 
microwave application system and it compose of anode, cathode, antenna, two 
permanent magnets, and cooling fins, as shown in Figure 5.2.  
 
Figure 5.2. Function and structure of microwave generator. 
(Image courtesy of the Encyclopedia Britannica) 
 
To generate an electromagnetic wave, direct current is applied to the cathode to heat it 
up. Electrons from the center hot cathode are released by the process of thermionic 
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emission and have an accelerating field which moves them outward towards the anode.  
A positively charged anode surrounding the cathode attracts the electrons. Instead of 
travelling in a straight line, the axial magnetic field due to the upper and lower magnet 
exerts magnetic forces on these charges, which are perpendicular to their initially 
radial motion, and they tend to be swept around the circle. As these electrons sweep 
toward a point where there is excess negative charge that tends to be pushed back 
around the cavity, imparting energy to the oscillation at the natural frequency of the 
cavity. This driven oscillation of the charges around the cavities leads to radiation of 
electromagnetic waves, the output of the magnetron. This radiation is transmitted to 
the surrounding through the antenna. 
 
5.3.2. The rectangular wave guide  
 
The wave guide has an essential role in conveying microwave energy from the source 
magnetron to the applicator. There are various types of wave guides depending on the 
structure and its cross sectional shape such as the elliptic wave guide, rectangular wave 
guide, conical horn, rectangular horn and coaxial. In this simulation model, rectangular 
wave guide is utilized due to its simplicity and common use in microwave irradiation 
applications. In this section, (1) electromagnetic wave’s travelling mode in the 
waveguide is predicted from the analytical solution of Maxwell’s wave equations. 
Then, (2) the frequency of the microwave travelling in the waveguide was also 
calculated by using the Equation 5.31 which is derived from Maxwell’s wave 
equations. (3) The coupling style between the microwave power source magnetron and 
applicator was evaluated as well. 
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5.3.2.1. Electromagnetic wave’s distribution mode in wave guide  
 
Electromagnetic wave distribution mode in the wave guide is related to the number of 
magnetron’s antennas, waveguide’s dimension, and antennas mounting position which 
cause multiple reflections of the propagation wave at the walls of the wave guide and 
conduction current on the wall. There are two type of modes, (1) Transverse Electric 
mode (TE mode) which has an axial magnetic field (Hz) but no axial electric field 
(Ez=0). Here, the axial direction means along the direction of wave propagation (see 
Figure 5.3.a). Only the transverse electric fields Ex , Ey for electric field and Hx , Hy , 
Hz for magnetic field are possible for solutions based on Equation 5.21-26. (2) 
Transverse Magnetic mode (TM mode) which has an axial electric field (Ez) but 
oppositely no axial magnetic field (Hz =0), hence called TM or E modes.  
 
In this simulation, the standard wave guide WG 9A with dimensions a = 86 mm and b = 
43 mm in the x- and y-directions is used, and the magnetron mounting position and 







Figure 5.3. (a) The electromagnetic wave’s propagation direction in the wave 
guide, (b) Magnetron mounting position in Rectangular waveguide. 
 
The electromagnetic field distribution pattern can be evaluated by using the analytical  
a 
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equation (Equations 5.21-26) of Maxwell’s classical wave propagation equation. 
Typically, medium for the travelling wave inside the waveguide is air, which has small 
ionic constituents and very high frequency, resulting in the simplification of Maxwell’s 
wave equations as follows (Ashim and Ramaswamy, 2001); 





=∇ µε2                                                               (5.11)     




=∇ µε2                                                             (5.12) 
For time-harmonic fields (sinusoidal), it means time variation of the fields is assumed 
to be sinusoidal with angular frequency ω = 2πf , after mathematical manipulation, the 
two Maxwell equation can be transformed into the Helmholtz equations as follows; 
(Metaxas, 1996). 
                      022 =+∇ EkE    ,  022 =+∇ HkH                                       (5. 13)    
For Cartesian coordinate, these two electromagnetic wave equation become,    















E                                                 (5.14)       
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E                                                   (5.16)       
                           222 γεµω +=k                                                            (5.17)       
                         γ  = α + jβ                                                                   (5.18)    
                         
λ
πβ 2=                                                                                                               (5.19)    




=                                                              (5.20)    
where γ denotes  Complex propagation constant (Metaxas, 1996), α is Attenuation 
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 constant (nepers per meter), and β represents the Phase constant (radian per meter). 
According to the magnetron mounting position in the wave guide and the number of 
antenna (Figure 5.3.b), it could result in the transverse electric TE10 mode in the 
waveguide. Hence, the electric field in the propagation direction of z-axis (Ez) is zero. 
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E                 Ez  = 0                                                             (5.23) 
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= expsincos                                                                      
                                                                                                                                  (5.26) 
















π                                                    (5.27) 
                                           22 yx kkk +=                                                                     (5.28) 
Modeling Equation of TE mode  Analytical Solution of TE mode Equation 
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These integers m and n show the number of half cycle of sinusoidal variation of 
intensity existing within the waveguide; m along the x axis, n along the y axis. The 
data of m =1, n = 0 (Since the electromagnetic field pattern is TE10 mode), a = 86mm 
and b = 43 mm (The standard dimension of waveguide WG 9A), are subjected as an 
input to the Mat lab program code of analytical solution of the Equation 5.21-26, 
[Appendix D.2], which can produce the results of Electric field distribution (Figure 
5.4.a) and magnetic field distribution (Figure 5.4.b).  
 
 
( a ) 
 












Figure 5.4. (a) TE10 mode spatial distribution of electric field intensity, (b) 
distribution pattern of magnetic field intensity in WG 9A waveguide. 
 
Figure 5.4(a) and (b) show the spatial electric and magnetic field intensity inside the 
waveguide. Although the length b in y-axis is a trivial dimension as n is 0 (TE10 
mode), the distance a and c are important dimension for designing waveguide. These 
two dimensions require enough distance to propagate the electromagnetic wave. 
According to the result of the electric and magnetic field pattern, the electric field 
intensity along the wall in z-direction (x =0 and x = a) is almost zero, and this indicates 
that the distance a is sufficient length for one mode (m =1) of electric field intensity.     
 
5.3.2.2. Frequency of electromagnetic wave in wave guide  
 
The frequency of electromagnetic wave in waveguide could deviate from the source 
frequency of magnetron because of waveguide’s dimension and distribution pattern. 
This frequency in waveguide is required to proceed for numerical simulation using 
HFSS® (high frequency structural simulator) software. In this model, when wave 
( b ) 
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travels in the medium it has very less attenuation and can be assumed negligible 
(Thuéry, 1992). So that, the attenuation term (α) of the Equation 5.18 is removed, and 
being air space medium, the permeability and permittivity of the medium µ and ε are 
µ0 and ε0. The Equations 5.18 substitutes in Equation 5.17 and it can be transformed 
into the following equation; 
                                                           200
22 k−= µεωβ                                          (5.29)                       
 Equation 5.19, 5.27, 5.28 are substituted in equation 5.29, and it can be expressed as 
follows;  



































π                           (5.30) 
For the rectangular waveguide with TE10 mode (m = 1, and n = 0), the Equation 5. 30 
can be rearranged as follows; 
















λλ                                         (5.31) 
The value of λg can be calculated by using the Equation 5.31 and equation (λo = c/f) . 
The required data are light velocity, c = 3.0x108 m/s, Frequency of magnetron, f = 2.45 
GHz, and wave guide width, a  =  86 mm. From this value of λg, the frequency of wave 
in the waveguide, freq can be calculated from the equations; 
                                   freq    =   ν / λg                                                                      (5.32)                                                                 





1                                               (5.33) 
where Relative permittivity rε is 1 (vacuum or air space), Relative permeability rµ  is 
1(vacuum or air space), Free space permittivity εo is 8.8 x 10-12 (F/m), Free space 
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permeability µ0  is 4π×10−7(A/m). This calculated frequency is applied to proceed with 
numerical simulation using HFSS®. 
 
 5.3.2.3. Optimized coupling method  
 
The position and design of the feed, coupling style between the source generator and 
applicator, will have a strong impact on the field distribution that is produced in the 
cavity. Computer simulation can be used to study the effect of changes in feed position 
under a wide variety of loading condition. This can enable designs to optimize while 
building a minimum number of prototypes. In this study, three models with different 
coupling modes are simulated using the HFSS® software. These coupling styles are (1) 
Direct fed or very short waveguide length, (2) the same level feeding approach; the 
upper surface of the wave guide is the same level with the upper surface of the 
applicator, (3) the different level feeding approach; making a step between the upper 
surface of waveguide and applicator’s upper surface, and which are shown in Figure 










( a ) 




















Figure 5.5. Coupling style between the waveguide and applicator (a) direct fed 
method, (b) the same level feeding approach, and (c) the different level feeding 
approach. 
 
Figure 5.5 shows the results of the electric field distribution pattern in the applicator 
due to the different feeding approaches. According to the result, the average value of 
electric field intensity of (c) method is higher than that of method (a) and (b). 
Furthermore, due to the feeding approach of method (c), it can offer clearly and 
orderly half wavelength of sinusoidal mode in the whole applicator. It means that all 
( c ) 
( b ) 
Half wavelength of sinusoidal 
mode 
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the electromagnetic energy can be trapped in a cavity because the wave is reflected by 
the cavity walls and it takes the form of stationary wave (standing wave). For this 
reason, the coupling method (C) is chosen for the numerical simulation model.  
 
5.3.3. Multimode resonant cavity 
 
Multimode resonant cavity, applicator, is widely and the most commonly used form 
for microwave irradiation application. In principal, the applicator of rectangular 
multimode resonant cavity may be considered as a waveguide, large in cross section 
size compared with the excitation wave length, and short circuit at both ends by metal 
walls, so forming a close  box. Such the applicator can support many modes, TEmnp 
and TMmnp  (Ramo et al., 1965 and Meredith et al., 1993)  where m, n, p integers are 
represent the number of half wave length of sinusoidal electric field variation along the 







Figure 5.6. Rectangular multimode resonant cavity with dimension and axises. 
 
Inside a multimode cavity there are likely to be many resonant modes, where reflection 
from the walls of the cavity constructively reinforce each other to produce a stable 
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for specfic frequency can be calculated by using the Equation 5.34 (Ashim and 
Ramaswamy, 2001 pp.16).  


































                               (5.34) 
The well known equation for the resonant free-space wave length λo,res is obtained for 
the m, n, p modes within an empty rectangular cavity (Ramo et al., 1965). By using the 
Equation 5.34, the resonant cavity dimensions can be predicted at a specific frequency. 
However, Metaxas and Meredith (1983) found that if such an empty oven is partly 
filled with an absorbing work load, a very significant change in the mode pattern can 









Figure 5.7.  The resonant frequency of empty cavity f’ shifted to f” due to a 
partial load. [Metaxas and Meredith (1983)] 
 
A simple calculation using Equation 5.34 for designing a cavity to give a large number 
of modes when empty is, by itself, insufficient to ensure a good design. For this 
reason, the commercial HFSS® software, which can take into account the load 
position, properties, and geometry, is chosen for this simulation. 
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        resonant frequency   
for partial filled cavity 
       f’ 
resonant frequency for 
empty cavity 
Empty cavity or fully filled cavity 
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5.4.  Simulation of Resonant Cavity with HFSS® Software 
 
Typically, there are three approaches in designing the multimode resonant cavity: (1) 
an empirical design based on laboratory experiment and experience, (2) an electrical 
‘equivalent-circuit’ approach, (3) Numerical methods based on the time domain finite 
element method (Meredith 1998). For the simulation model, HFSS® (high frequency 
structural simulator) software was chosen for its capability in responding to the variety 
of load geometry and discontinuity of load. This software can simulate the electric 
field distribution pattern of each element by using time domain Maxwell’s 
electromagnetic wave propagation equation. The whole model is discretized by the 





Figure 5.8.  Discretization with tetrahedron elements and meshing structure. 
 
This simulation with 265120 tetrahedrons elements was undertaken on a computer 
with the Windows XP operating system and Intel Pentium Dual Core processor at 2.5 
GHz with 4G RAM. For the boundary condition for electromagnetic wave propagation 
equation, the cavity wall is assume as a perfect electrical conductor (metal sheet), and 
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hence it can have no electric field paralleled to its surface and the electric field 
tangential to the applicator walls is zero.  In this simulation, the dielectric property of 
the work load is assumed to be constant because the dielectric property is little 
changed when temperature changes. Method of multiple feeding ports is applied 
instead of the stirring technique because multiple feeding ports have been claimed to 
improve uniformity of heating (Ashim and Ramaswamy, 2001, pp.59). The principal 
of multiple feeding is to increase the number of resonant modes as many as possible. 
When a large number of modes are present in a cavity, the electromagnetic fields tend 
to be more uniform. The position of two microwave feeding ports and the arrangement 











Figure 5.9. The position of microwave feeding ports and silica gel bed’s 
arrangement. 
 
The electromagnetic wave distribution patterns inside the cavity and on the surface of 
the applicator are shown in Figure 5.10. It may be observed that half the wavelength of 
sinusoidal mode occurred in the whole applicator where the waves which reflect from 
the walls of the cavity constructively reinforce each other to instigate a stable standing 
wave pattern.                 
Microwave 
feeding ports 
Silica gel bed 





















Figure 5.10.   Electric field intensity distribution pattern inside the cavity 
and on the surface of the applicator. 
 
The microwave energy dissipated within the material is entirely related to the spatial 
variations of electric field intensity, and this electric field distribution is depend on the 
load position, load geometry, cavity dimension, and microwave feeding port position. 
Thus, designing the system is crucial for predicting the distribution pattern of the 
electric field intensity. In this simulation, HFSS® software is employed to verify the 
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Figure 5.11.  The distribution pattern of electric field intensity of each silica gel 
bed layer. 
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The simulations indicate that apart from the small areas of the outer most left side and 
right side layer there is a little lower electric field intensity, the rest part are spatially 
distributed with a higher satisfactory electric field intensity. Furthermore, high electric 
field intensity in all silica gel bed layers shows that there is no obstruction in travelling 
the microwave among the bed layers. The root mean square value of electric field 
intensity (ERMS) which is essential parameter for the model of microwave-activated 






























                                                                                                                                  (5.35) 
This ERMS value play a vital role in simulation model, and it is a functional for 
determining the temperature increasing rate and desorption rate of silica gel bed. The 
empirical relations among them are determined by conducting the experiments relation 
[See in Section 4.4]. 
 
The reflection of microwave to the magnetrons is predicted by calculating the 
simulation data of Voltage Standing Wave Ratio (VSWR) parameter of each wave 
port.  In this model, the two magnetrons are applied to get more uniform distribution 
pattern (Figure 5.9). Figure 5.12 shows the VSWR values of port 1 (magnetron-1) and 
port 2 (magnetron-2) against the range of microwave frequencies. At a design 
frequency of, say, 0.94 GHz, VSWR of port 1 is 1.175 and port 2 is 1.2. the reflection 
coefficient, ρ can be computed using the VSWR values in the Equation (5.36), i.e.,    
                                   ρ  =  ( VSWR – 1)/ ( VSWR + 1)                                         (5.36)    
and the reflection percentage value of port 1 is found to be around 8% and port 2 is 
9%.  















Figure 5.12.  Voltage Standing Wave Ratio versus frequencies graph 
 
This less reflection values show that there is a good matching of resonant microwave 
irradiation system. Furthermore, this result is validated by the simulation result of 
Figure 5.10. It shows that there are five half wave modes in x direction and two half 
wave modes in y direction on the surface of the applicator. It can be seen clearly and 
orderly half wavelength of sinusoidal mode in the whole applicator where the waves 
reflect from the walls of the cavity constructively reinforce each other to instigate a 
stable standing wave pattern (stationary wave). Forming standing wave in the 
applicator means that there is a resonant microwave irradiation system and almost of 
the electromagnetic energy can be trapped in a cavity.  
 
5.5.  Modeling and Simulation of Microwave-Activated Adsorption 
Cooling System  
 
As shown in Figure 5.13, a two-bed adsorption chiller consists of a condenser, an 
evaporator and a pair of sorption beds (adsorber and desorber) in which cooling is 
generated at the evaporator by an evaporative process and exothermically adsorbed 
VSWR of wave port 
1 and wave port 2 
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onto the adsorbent. Heat is removed by cooling fluid to maintain the adsorption 
process until the end of the cycle. Concurrently, a desorber rejects the refrigerant via a 
dielectric heating source. In the condenser, the desorbed refrigerant is cooled by 
circulating coolant and the resulting condensate is returned to the evaporator via a U-



























Silica gel bed 
Trap water 
Water vapor pressure is high at condenser and desorption bed 
Water vapor pressure is low at evaporator and adsorption 
 
Cold water 
Solenoid valve controlled by computer 
Qmic 
Qdes 
Water Flow in 
Water Flow out 
Qeva 
- 124 - 
 
Each bed alternates between its roles as an adsorber and a desorber in the bath-
operated cycle, by switching the flow of both cooling and heating fluids to the 
respective beds. During switching, both beds are isolated from the evaporator and 
condenser momentarily and the two-bed adsorption cooling cycle is completed. 
 
5.5.1. Non uniform temperature distribution model 
 
To optimize the system, uniform temperature distribution models have been proposed 
by many (Suzuki (1990), Mitsushita et al.(1987), Cho and Kim (1992)). However, for 
a large adsorber/desorber, the temperature of each part of the bed is non-uniform, and 
the temperature difference increases as bed size increase. As the dimension of this 
simulation model is relatively large, a non-uniform temperature distribution model is 
used. The whole computational domain, adsorption bed and desorption bed, was 
discretized and divided into a number of elements. Each element is identified as one 
control volume or one lump model. Each control volume composes of three sub model 
(sub control volume), namely; (1). Fluid-flow model (fluid sub control volume), (2) 
Silica gel and fin-tube model (bed sub control volume), (3) Adsorption/desorption 
model (sorption sub control volume).  Fluid sub control volume has two node points 
and the rest sub control volume has each node point to represent the equation of each 
sub control volume. (see in Figure 5.14).  
 
To simplify the model, the following is assumed: 
1. The temperature of the silica gel at the core is the same, 
2. Heat loss from the sorption beds is neglected, 
3. Temperature distribution inside the adsorbent control volume is uniform, 
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4. The therrmal physical properties of the tube and fin are constant,  
5. Heat transfer from the adjacent elements is neglected, 



















5.5.2.  Effective thermal  conductivity 
 
Heat transfer coefficient in packed bed of adsorption/desorption process is related with 
the porosity of the adsorbent bed, thermal conductivity of adsorbate fluid and the 
amount adsorbed on the adsorbent. As the bed temperature changes so does the 
temperature of adsorbate fluid (water vapor) in it, resulting to a varying water vapor 
thermal conductivity. Similarly, since the uptake amount of adsorbed on adsorbent is 
varying in both adsorption and desorption process, thermal conductivity of adsorbent 
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also changes with time and spatial. From these reasons, overall heat transfer coefficient 
of adsorbent packed bed is dynamic and also varying of bed section. To take account 
of all these factors, Kunii and Smith (1960) presented the overall effective thermal 
conductivity of adsorbent ( Keff  ) (Equation 5.37),  which can account  for the variation 
of properties of adsorbate fluid, adsorbent and bed porosity. To simplify the 
calculation of the effective thermal conductivity and having its low temperature range 
of adsorption operation, heat transfer due to radiant is neglected. The effective thermal 






















εε  (5.37) 
where Kf represents the thermal conductivity of fluid, and Φ denotes the contribution 
of solid to solid heat transfer through the thin fluid film around a contacting point of 
neighboring particles. Suzuki et al. (1990) proposed that Φ is related to the ratio of 
fluid thermal conductivity to thermal conductivity of adsorbent particle (Kf  / Ks) and 
Φ1 and Φ2. The relation between Φ and Φ12 depends on the total adsorbent bed 
porosity (ε), which are given as follows, 
  Φ  = Φ2+ ( Φ1- Φ2 )[( ε - 0.26 ) / 0.216 ]      for  0.47  ≥ ξ  ≥ 0.26  
 Φ  = Φ1                  for  ξ  >  0.47
 Φ  = Φ2                       for  ξ  <  0.26 
                                                                                                                                  (5.38) 
where ξ denotes the total adsorbent bed porosity and expressed as follows (Chua et al, 
1999),   
 ξ = ξ b + (1.0 - ξ p) x ξ p (5.39) 
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where ξ b represents adsorbent bed porosity, and ξ p is adsorbent particle porosity. In 
this model, the adsorbent bed is packed with type RD silica gel and its adsorbent 
particle porosity is 0.4286 from the source of manufacturing data. According to the 
literature (Chua et al., 1999), this type of RD silica gel has 0.17 mm average radius 
diameter, and the bed porosity is 0.37. From these data and using Equation 5.39, the 
total adsorbent bed porosity is 0.6149, which is greater than 0.47. Based on the 
Equation 5.38, Φ is thus identical with Φ1. Suzuki et al., (1990) presented the relation 
between the values of Φ1 and the ratio (Kf  /Ks ), as shown in Figure 5.15. From this 
graph, Φ1 can be calculated by using the Harris mathematical model of curve fitting 
equation.                                                























1φ                                               (5.40) 
where the required constant parameters (A = -1.2781083, B = 2.3234669, and C = 











Figure 5.15.    The relation between ks/kf and ϕ the contribution of solid to solid 
heat transfer through thin fluid film. [Suzuki et al., (1990)] 
 
Φ1  Line 
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Takashi et al. (1993) analyzed the thermal conductivity of adsorbent particle, which 
are related to the size of the adsorbent particles and adsorbed amount on the adsorbent. 
This study shows that thermal conductivity of silica gel which has the adsorbed 
amount (water content) on the adsorbent within the range 0.04 to 0.12 is around 0.15 
W/(m K). In the adsorption process of this simulation, the bed temperature is cold 
down from around 80 C to minimum 30 C and its bed pressure is equal and controlled 
by the evaporator pressure, which is the saturation pressure of evaporator temperature 
around 10 C. From these minimum temperature and pressure, type RD silica gel 
isotherm indicates that the maximum uptake amount adsorbed by adsorbent is 0.14. 
Similarly, in the desorption bed the maximum bed temperature is around 80 C and 
pressure is the saturation pressure of condenser temperature around 30 C.  In this 
pressure and temperature condition the minimum adsorbed amount on the adsorbent is 
0.02. This range of water content of adsorbent from 0.02 to 0.14 is close to the 
Takashi’s water content range. For this reason thermal conductivity value of solid 
particle [Ks = 0.15 W/(m K)] is taken for this simulation. By using these data and 
equations, the heat transfer coefficient of this model can perform as a dynamic 
behavior depending on the varying temperature and bed section. 
 
5.5.3.   Heat transfer resistance between fluid and adsorbent   
 
The heat transfer resistance from the fluid to the adsorbent plays a vital role in 
simulating the system model. This resistance makes a barrier for the heat flow from the 
hot silica gel to the circulation cold fluid through the fin and tube in the adsorption 
process. Similarly, in desorption process the resistance can occur in the heat flow from 
hot silica gel due to the microwave irradiation to the trap cold water through the fin 
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and tube. To evaluate the total equivalent heat transfer resistance for adsorption 
process, this study draws the analogy between the heat transfer and the current 
electricity flow due to potential difference (Lijun et al, 1999). The heat transfer circuit 










Figure 5.16.   The analogy circuit diagram for heat flow.  
 
In this heat transfer circuit, heat transfer resistance between fin and the center core of 
silica gel and the resistance between the tube and silica gel are in parallel and their 
equivalent resistance is in series with the convective heat transfer resistance and the 
thermal conductive resistance due to the tube wall. 




























)ln(1                            (5.41) 
To simplify the evaluation of convective heat transfer coefficient hf, the flow is 
assumed as fully developed and turbulent fluid flow, and the inside of the tube is 
assumed to be a smooth surface. Under this assumption, the convective heat transfer 
Twater 









- 130 - 
 
coefficient hf can be calculated with the aid of  Dittus - Boelter  correlation and 
which is given as follows, 
                                             nfffNu PrRe023.0
8.0=                                         (5.42) 
where Prf denotes Prandtl number, Ref represents the Reynolds number of the turbulent 
 fluid flow, and n is 0.4 for heating, 0.3 for cooling (Zhang, 2000). 
In the desorption process, the water circulation is obstructed and this water is trapped 
inside the tube. Hence the resistance due to the convective heat transfer is neglected, 
and the total equivalent resistance for desorption process can be expressed as follows,  

























)ln(                          (5.43) 
This equation is conducted as an equivalent resistance for heat transfer of trap water in 
desorption process. 
 
5.5.4. Mathematical model for fluid inside the tube 
 
For the fluid flow sub control volume, there are two modes; fluid flowing in adsorption 
process and switching process, and fluid trapping mode in desorption process. In the 
fluid flow mode, for the conservation of energy balance, the energy change of this sub 
control volume ( fi zr ρπ ∆
2 ) is equal to the energy output and energy transfer out 
subtract from the energy input. The energy flow in and out due to the mass flow across 
the sub control volume’s boundaries is that it bring energy unit mass and conduction 
 heat transfer  (  fpiff TCrV f
2πρ
  









TCrV ffpiff f ∆∂
∂










∂  for fluid flow out. The 
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The schematic diagram of energy flow in flow out of sub control volume is depicted in 
Figure 5.17.  
 
 










Figure 5.17.    Energy balance figure of sub fluid control volume. 
 



























































                                          
                                                                                                                                  (5.44) 
 
The Equation 5.44 can be transformed by dividing with
fpfi











































































































































                                                                                                                                  (5.45) 
 
The above equation is the energy balance equation of fluid-flow in the sub control 
volume for the adsorption and switching processes.  In the desorption process, due to 
absence of water circulation, the convective heat transfer is neglected and Equation 




















































                                                                                                                                  (5.46) 
Equation 5.46 is used for the desorption process of both microwave irradiation on and 
off condition. 
 
5.5.5.  Energy balance equation of bed sub control volume 
 
These adsorption beds sub control volume which is one of three sub models (See in 
Figure 5.14) comprises of fin-tube heat exchanger and silica gel that fill the spaces 
between the fins and tubes, and which are covered by the mesh screen to form one 
adsorption packed layer. The schematic diagram of this sub model is shown in            
Figure 5.18. Each packed layer has 15 tubes and 100 fins per layer, and one adsorption 
bed has 18 packed layers.  Water flows in from one packed layer and out from the next 
packed layer, performing as one heat exchanger layer.  Each adsorption bed has nine 
heat exchanger layers. There are three operational modes for bed sub control volume. 
The first operation mode is with the adsorption bed cooling by the water circulation 
- 133 - 
 
that occurs in the adsorption and cooling-switching processes. The second operation 
mode takes place during desorption and the microwave irradiation’s off -period, and 
the third operation mode occurs during microwave irradiation that is the entire heating-
switching process and the beginning of desorption process. The energy balance 
























































                                                                                                                                  (5.47) 
The right side term is the rate of change of internal energy of the bed sub control 
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generating due to endothermic heat and the energy which flow out from this sub 
control volume by cooling fluid circulation.  To simplify the system model equation, 
the kinetic of adsorption and desorption uptake during the switching process are 
negligible because the bed is isolated from the vapor source and sink of evaporator and 
condenser. Thus, in this switching process the flag δ is zero. On the other hand the flag 
δ is one in the adsorption process. In the energy balance equation of bed for the second 
operation mode (Equation 5.48), the change of internal energy of this sub control 
volume, left hand side of the equation, is the result of the energy difference between 
energy transfer to the next sub control volume and exothermic heat due to the  






































                                                                                                                                  (5.48) 
In the first term of this left side equation, the convective heat transfer term is neglected 
as there is no water circulation. No flag is required in the second term of left hand side 
equation as this mode takes place only in the desorption process. The third operation 
mode is the temperature increasing of silica gel bed under the microwave irradiation 
which can occur initial period of desorption process and heating-switching process. 
Evaluation of the temperature increasing and desorption under microwave irradiation 
is complicated and it could not be simply predicted by conventional kinetic and energy 
equations. For this reason, the empirical Equation 5.49, which derived from the 
experimental results that carried out and discussed detail in Section 4.5, is employed to 
determine the temperature increasing rate of the bed.   
                                            [ ] [ ] bTwvaTernalrmsT PEAdt
dT
int=                          (5.49) 
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The temperature increasing rate is related to the root mean square of electric field 
intensity ERMS which can be achieved by using Equation 5.35 and bed pressure Pwv 
which is similar with condenser pressure (in this simulation, desorption bed pressure 
and condenser pressure is assumed the same because the pressure resistance between 
the condenser and bed is neglected).  
 
5.5.6.  Adsorption  and desorption equation 
 
For the sub-model of adsorption and desorption process, there are two types of 
sorption process depending on the driving energy sources namely thermal driven 
source and microwave irradiation source. 
 
5.5.6.1. Adsorption and desorption due to the thermal driven source 
 
 The adsorption and desorption process due to the thermal driven source is 
conventional, and numerous models for this process and related data can be acquired 
from various study. Among these models, the classical Linear Driven Force model 
(LDF) was applied for the kinetic equation of adsorption and desorption process 
because of its simplicity. The rate of adsorption and desorption equation can be 
expressed as follows; 
                                                                                                                                                                                                                             
 (5.50) 
 
where the coefficients are determined by Chihara, K. and M. Suzuki (1983), and Dso is 
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surface diffusion, Rp is the average radius of silica gel particle, R is universal gas 
constant, and q* is the uptake amount of adsorbed by the adsorbent under equilibrium 
condition. For the calculation of equilibrium uptake amount, the Tό th’s isotherm 
equation (Sakoda and Suzuki, 1984.) is applied, which is given as follows,   





























































                                     (5.51) 
where ko denotes the pre-exponential constant, t is the dimensionless Tό th’s constant, 
ΔHads the isosteric heat of adsorption, and qm is the monolayer capacity. For the 
calculation of desorption kinetic, it is assumed that the desorption bed pressure Pdes is 
similar to the condenser pressure Pcond  which can be attained from the saturation 
pressure of condenser temperature and temperature Tdes is desorption bed temperature. 
Similarly, for the adsorption process Pads is similar to the evaporator pressure Pevap and 
Tads is adsorption bed temperature. 
 
5.5.6.2.  Desorption process under the microwave irradiation   
 
The pseudo second order model was chosen for the kinetic of desorption process under 
microwave irradiation because the empirical mass transfer constant ksa was evaluated 
by using this pseudo second order method, and it can be stated as follows,  
                                                                                                       (5.52)                                                     
                                                                                                           
where ksa is the mass transfer constant which can be computed out by using the 
empirical relation Equation 4.6 of Chapter 4.    
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5.5.7.  Energy balance equations for evaporator  
 
The heat and mass interactions between the evaporator, condenser and adsorption bed 
essentially contribute to the energy balance of evaporator. However, to simplify this 
energy balance, the energy added to the evaporator system due to the fluid flow from 
the condenser to the evaporator is relatively small and therefore neglected. Hence, the 
internal energy change of the evaporator [Left hand side term] is equal to the energy 
difference between the evaporation heat [First term of right hand side] and the cooling 
load carried by the circulation of chill water [Second term of right hand side].  
 
                                                                                                                                        
                                                                                                                                  (5.53) 
In the switching process, as the evaporator is isolated from the adsorption and 
desorption bed, there is no mass transfer taken place between the beds and evaporator. 
In the sorption process, as the valve between the adsorption bed and evaporator is 
open, the adsorption amount and the evaporation amount are assumed to be the same. 
To account for this phenomenon, the flag δ is added in the first term of right hand side 
as when sorption process δ is 1 and when switching process δ is 0. [Flag δ has values 
zero and one. The purpose of using flag is to suppress some equation term by assigning 
the  variable δ as zero in some process and to activate the same equation term in other 
process by assigning the the  variable δ as one.] 




















exp                            (5.54) 
Chilled water outlet temperature can be calculated by using the LMTD (log mean 
temperature difference) heat exchanger equation and it can express as Equation 5.54. 
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5.5.8.  Energy balance equation for condenser  
 
The condenser is a shell and tube heat exchanger to which cold water from the cooling 
tower is supplied and to remove all the heat due to the condensation of refrigerant 
vapor (water vapor). The condensate fluid is delivered from the condenser to the 
evaporator through the U tube by the driven force of pressure difference. The rate of 
change of energy for the condenser heat exchanger and the fluid inside the condenser 
is equal to the energy difference of the latent heat of condensation and the heat 
removed by the circulation water from the cooling tower. As the evaporator energy 
balance, the heat due to the flowing out of refrigerant fluid from the condenser to the 
evaporator is relatively negligible and not considered in this energy balance. To 
simplify the energy balance equation, it is assumed that the vapor condensation rate is 
similar to the rate of desorption. Desorption amounts of each element are accumulated 
as a total condensate amount for the calculation of latent heat of condensation.  
























Similarly with the evaporator energy balance, when sorption process, the flag δ  is 1 
and when switching process, the flag δ  is 0. 




















exp                                    (5.56) 
Based on the heat exchanger equation using log mean temperature difference 
approach, the water temperature of condenser outlet can be calculated from Equation 
5.55.  
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5.5.9. Simulation procedure 
 
Being non uniform temperature distribution model, the energy balance equations of 
fluid sub model, adsorption sub model, desorption sub model, and kinetic of 
adsorption/desorption sub model of each nodes (See in Figure 5.14), as well as 
evaporator and condenser equations are solved numerically. The computed values of 
the main variables ( Tf (i) ; fluid temperature of each node in which the last and the fast 
temperature of nodes are water inlet and outlet temperature of bed, Ts(i); silica 
temperature of each node, qdes(i)  , qads(i)  ; kinetic uptake amount of each node, Teva ; 
evaporator temperature, Tchillout , Tchillin ; chill water’s inlet and outlet temperature, Tcond; 
condenser temperature, Tcondwout , Tcondwin; inlet and outlet temperature of condenser 
water) are constantly updated with time in the results file. The algorithm for non 
uniform temperature distribution model (distributed lump model) of adsorption chiller 
with dielectric heating system is as depicted in Figure 5.19. In this algorithm, 
completed one operating cycle has six processes namely; (1) first sorption cycle with 
dielectric heating process, (2) first sorption cycle without dielectric heating process, 
(3) first switching cycle process, (4) second sorption cycle with dielectric heating 
process, (5) second sorption cycle without dielectric heating process, (6) second 
switching cycle process. This algorithm is composed with three levels; main program 
level, IMSL function level, and sub function level. Ts(i), qdes(i), qads(i), Teva, Tcond . First of 
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parameters, and physical design parameters of the evaporator, condenser, 
adsorber/desorber heat exchanger bed which were extracted from the reference (Chua 
et al., 2002). The procedures of this algorithm commenced with the initialization of 
key variables and setting the operating parameter in the main program. Calculating the 
required geometries parameters (tube and fin area, adsorbent mass, and water 
properties) are in IMSL function level. In the main program, the data of main variables 
for a set of ordinary differential equations are initialized, and these data are sent to the 
IMSL function where to solve numerically, and the result data from the IMSL sub 
function are exported back to the main program (See in Figure 5.19).  In the IMSL 
function layer, the set of ordinary differential equations for energy and mass balances 
are solved by an iterative scheme, employed by using the fifth order Gear’s 
differentiation formulae (GDF) method from the DIVPAG subroutine of the IMSL 
FORTRAN Developer Studio. Double precision has been used, and the tolerance set to 
1 x 106. 
 
5.6. Results and discussion 
 
The simulation results of the lumped distributed model (non uniform model) of the 
microwave-activated adsorption chiller system are discussed in this article. The data of 
these results are obtained by running the FORTRAN program code which algorithm is 
discussed in detail in previous sections. The silica gel bed temperature profile of each 
element, water temperature at the inlet and outlet of the control volume of each 
element, and condenser and evaporator temperature are shown in Figure 5.20. The 
result is covered for three completed cycles, and each of this cycle has first sorption 
process, first switching process, second sorption process, and second switching 
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process. This temperature profile of this simulation result is attained under the 
following operating condition; switching time 40 second, duration of microwave 
irradiation time 130 second which start active the microwave irradiation in the 
switching process and the initial period of sorption process. Since the process of 
cooling down the bed by water is the same with normal adsorption chiller, the 
temperature decreasing trend of silica gel and water temperature at inlet and outlet of 
each element is similar with conventional one (see in Figure 5.20). However, heating 
the bed for desorption process activated by microwave in this simulation is different 
from the normal adsorption chiller system. In this process, water flow is stopped and 
trapped in the copper tube. As microwave irradiation cannot penetrate through the 
conductor copper tube, the increase of trapped water temperature is only because of the 
heat transfer from the silica gel and heat exchanger bed in which temperature 
increasing is because of dissipation of microwave energy. For this reason, the trapped 
water temperature is lower than the silica gel bed temperature when both temperature 
in parallel increase sharply during the microwave irradiation process. After the 
microwave activation process, the silica gel bed temperature of each element decrease 
because there is no more microwave energy input and incessant heat transfer to the 
trapped water until the temperature becomes the same with trapped water temperature 
(see Figure 5.20). Due to the effect of thermal mass of trapped water and bed, the silica 
gel bed temperature could not be decreased rapidly to a relatively lower temperature. 
This reluctance of temperature decreasing which caused the bed temperature at high 
can contribute to continue desorption process even after the microwave irradiation 
process. In conventional adsorption chillers, heating and cooling the adsorbent bed 
operate alternatively so that the higher thermal mass of adsorbent bed could result in 
lesser efficiency of adsorption chillers system. 
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However, for the adsorption chiller using microwave irradiation process, this factor 
becomes an advantage, and it is one of the factors to enhance the COP of the entire  
system. Figure 5.21 shows the effect of microwave irradiation time and sorption time 
on the COP and the cycle average cooling capacity. The figure shows clearly that the 
COP increases proportionally with the increase of sorption time. The trend may be 
explained as follows. At a given microwave irradiation time, the longer cycle time 
reduces the average power input, which is the microwave power input multiplied by 
the microwave irradiation time and divided by the whole cycle time. This then leads to 
an increase of the COP.  However, the cycle average cooling capacity declines as the 
cycle time is increased (see Figure 5.21).  Also, a very short sorption time may reduce 
the average cooling capacity.        
 
Figure 5.21. The Microwave COP, Microwave line electricity COP, Conventional 
COP and average cooling capacity varied with sorption time and microwave 
irradiation time. 
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This reason is the insufficient time to complete the adsorption process. As shown in 
the figure, the maximum average cooling capacity occurs at the cycle time of 500 
seconds. This optimum cycle time value is similar with conventional adsorption chiller 
system (Saha, 1995). This similarity is because of the same phenomenon of adsorption 
process as well as the evaporation process which takes place in both systems. Figure 
5.22 shows the results of the analysis of the effect of microwave irradiation time on 
COP. The results show that the longer microwave irradiation time causes the lower 
COP because the longer activated time can lead to the higher average power input. Too 
short microwave irradiation time (around 60 second) could not also perform to 
enhance the COP. The reason is that a very short activating time causes insufficient 
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Figure 5.22. The effect of microwave irradiation time on COP. 
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Consequently, this flaw desorption effects to the adsorption process and it happens to 
become the lower COP. From the results, we found that the microwave irradiation time 
of 120 seconds is optimum.  According to the simulation result, the optimum COP 
(1.024) of the adsorption chiller using microwave irradiation is nearly two times higher 
than the maximum COP of the conventional one. The rational of COP improvement 
could be explained as follows; (1) the thermal mass of adsorbent bed and trap water, 
(2) due to the energy transport phenomenon in microwave irradiation process (3) 
changes in activation energy under the microwave irradiation.  
 
(1) The thermal mass of adsorbent bed and trap water; 
The first merit of using microwave irradiation process is the effect of thermal mass of 
adsorbent bed and trap water. This effect is disadvantageous for the conventional 
adsorption chiller system because there is periodical heating and cooling the bed. 
Hence, the higher thermal mass causes the more energy required to cool down and to 
heat up the bed, and that can lead to poor performance. Conversely, this effect can 
offer the advantage for the enhancement of COP in microwave-activated adsorption 
chiller system. This phenomenon is discussed in previous.    
 
(2) Energy transport phenomenon in microwave irradiation process; 
In the conventional thermally activated desorption process, the energy required for 
detaching the water molecules is transferred by the temperature gradient of the 
medium between energy source and adsorbent bed. Unfortunately this is an inevitable 
problem because typically most of the adsorbent such as silica gel, zeolite, activated 
carbon, and etc. have very low thermal conductivity and constriction of contact area 
for energy transfer. This can lead to high thermal resistance, and it is a major drawback 
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in conventional adsorption chiller system. Another higher disadvantage of the 
conventional method is exothermic heat which release heat from the adsorbed system 
when desorption process is occurred. Due to this releasing heat, the temperature of the 
medium around this adsorbed system is decreased. Since energy is transferred by 
temperature gradient, the energy cannot be transferred to the inner portion or another 
successive region due to this temperature decreasing. To transfer the energy to the 
inner part or successive region, the energy, the same amount of releasing exothermic 
heat ∆Hads and sensitive heat (madsb cpadsb ∆T), is needed to heat up the medium for 
energy transfer process. These facts cause thermal limitation of performance of the 
adsorption chiller system. On the contrary, the energy can transfer electromagnetically 
to the objective molecules, adsorptive, (the adsorptive is the adsorbate molecules in the 
adsorbed system; water molecules in the adsorbed system) by vibrating its dipoles due 
to electromagnetic field vibration. Therefore the energy transfer in microwave 
irradiation does not depend on the medium and temperature gradient if a transparent 
adsorbent is used. For this reason, it can overcome the obstacle of this exothermic heat, 
∆Hads, and can clear the hurdle of thermal resistance. These are the major advantage 
of using microwave activation. However, these advantages could not be achieved by 
using the proper working pair because the characteristic of microwave energy 
transferring entirely depends on the properties of working pair, which are discussed 
detail and listed in Section 3.4.    
 
(3) changes in activation energy under the microwave irradiation; 
Microwave irradiation can decrease the activation energy ΔEa not only in the chemical 
reaction (Lewis et al., 1992) but also the physical reaction (desorption process) which 
is analyzed in Section 4.4. This decreasing the activation energy ΔEa coveys the 
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increasing reaction rate in desorption process and this can lead to the improvement of 
COP of the microwave-activated adsorption chiller system. Furthermore, Suzuki 
(1990, pp. 79, pp.81) states that it is natural to consider the activation energy of surface 
migration as being proportional to the heat of adsorption (ΔEa = a Hads). From this 
relation, if the activation energy is reduced, the heat of adsorption also decreases 
proportionally. For this reason, using microwave-activated desorption can cross over 
the thermal limitation of adsorption heat. This is one of the merits of using microwave 
irradiation process. 
 
The increase of COP when using microwave irradiation also can be validated by the 
practical result of the pilot plant conducted by Canada Ontario Hydro Technologies. 
The result shows that pilot plant can execute a reduction of energy consumption from 
2.3 kWh/kg  (thermal energy consumption for regeneration of activated carbon by 
conventional method) to 1.6 kWh/kg (Electrical energy consumption of magnetron for 
regeneration of activated carbon by using Microwave irradiation method) (Strack et 
al., 1997). The decrease of energy consumption in regeneration (desorption) can 
increase the COP of the system because regeneration (desorption) is the major power 
consumption (energy input) of the system. 
 
The critical factors in designing the adsorption chiller using microwave irradiation to 
achieve a higher COP are the selection of the proper working pair and the designing of 
multimode resonant cavity with the load adsorbent bed. The related data on these 
factors are currently inadequate in the literature and may be the focus of future work. 
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CHAPTER - 6 
 




Theoretical framework for both mass and energy transports in microwave activated 
desorption have been successfully derived from the first principles. The proposed 
generic mass transport equation, derived from the Reynolds transport theorem and 
momentum equations, can be easily adopted to characterize various adsorption 
operations such as (i) batch adsorption operation with dynamic concentration (ii) batch 
adsorption operation with constant concentration (iii) continuous flow adsorption 
operation and (iv) packed bed adsorption operation. As for the derivation of 
microscopic energy transport equation, energy potential flux term (ΣJk.Fk) and 
microwave energy conversion ratio (φ) terms have been incorporated into the 
conventional energy balance equation in order to distinguish the microwave-activated 
desorption operation from the typical microwave heating. Governed by permittivity 
properties of the working pairs, energy potential flux and microwave energy 
conversion ratio determine the microwave energy transformation characteristics. 
 
A series of experiments have been conducted to achieve in-depth understanding of the 
microwave-activated desorption process. The experimental measurement of complex 
permittivity is studied using the open coaxial probe method for a microwave frequency 
range of 0.5 GHz up to 4.0 GHz. The results clearly indicate that the complex 
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permittivity is strongly influenced by the moisture content of the DUT and high 
permittivity is found at increasing the moisture content.   
 
The energy transformation ratio between the electromagnetic and thermal activation is 
governed by the complex permittivity of the working pair. The experimental results 
revealed that the desorption process of zeolite-water working pair can still take place at 
the declining temperature of DUT. At this declining period, thermally-activated 
desorption is unlikely, thus confirming the role of electromagnetic activated desorption.   
 
One of the experimental analyses indicates that activation energy of desorption process 
under microwave irradiation is lower than the activation energy of thermally-activated 
desorption. The result indicates that microwave activation energy is approximately 
25% lesser than the conventional thermal activation energy. Thus, a higher system 
COP is expected due to the decrease in the activation energy.  
 
Several experiments have been conducted to establish empirical relationships between 
the electric field intensity and the rate of temperature increase as well as desorption 
rate (mass transfer coefficient) under various water vapor pressures. There are found to 
fit the experiment results with a RMSE of 3% and 3.2% respectively.  
 
Numerical and experimental studies have been carried out to analyze the effect of the 
conducting metal embedded inside the adsorbent on the microwave energy absorption. 
The simulations are found to be in good agreement with the experimental results, and 
indicate that the proper position and direction of the metal sheet can enhance 
microwave energy absorption under particular electric field intensity. In the thesis, a 
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parallel fin-tube configuration is proposed for the adsorbent bed to enhance the 
microwave energy absorption. 
 
A rectangular waveguide has been designed to accurately propagate the microwave 
energy from the magnetron energy source to the resonance cavity. Based on the 
simulation results, it is found that wave guide WG 9A is appropriate for the chiller 
application. The integration of the magnetron and the resonance cavity has been 
studied using the HFSS software. This assembly is very crucial in maximizing the 
microwave energy transfer from the source to the resonance cavity.  
 
Based on the empirical and simulation parameters, a non-uniform mathematical model 
of microwave-activated adsorption chiller system has been successfully developed, and 
it is solved by using the fifth order Gear's differentiation formulae (GDF) method from 
the DIVPAG sub-rountine of the IMSL FORTRAN Developer Studio. The COP of the 
adsorption chiller system is determined to be 1.024 when its operation is optimized 
with a microwave-activation time of 120 s. The point to note is that the predicted a 
COP of microwave-activated adsorption chiller system is higher than the thermally-
activated adsorption chillers. This is attributed to the (i) the thermal mass of adsorbent 
bed and trap water (ii) energy transport phenomenon in microwave irradiation process 
and (iii) changes in activation energy under the microwave irradiation.  
 
6.2. Recommendations  
 
Despite the number of discritized elements applied in the development of the non-
uniform (lump distributed) model, a larger number of elements are still required to 
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obtain more accurate solution of the spatial parameters (temperature and kinetics of 
adsorbate amount on the adsorbent surface). By employing more elements, the 
distribution of electric field intensity can be precisely captured with respect to the 
spatial parameters, and thus yielding more accurate solutions. 
 
The performance of a microwave-activated desorption system largely depends on the 
design of the wave guide, resonant cavity, adsorbent bed heat exchanger and position 
and structure of the load. Hence, extensive experimental and numerical studies should 
be carried out to optimize the system performance. This includes the usage of special 
experimental set up and network analyzer to analyze the impedance matching between 
the magnetron, wave guide, and multimode resonant cavity with various designed 
work load (adsorbent bed heat exchanger).  
 
A more comprehensive understanding of the microwave-activated desorption process 
can be achieved by studying various dielectric properties of adsorbents and adsorbates. 
Also recommended are extensive series of experiments to identify the optimal design 
of the whole system with various working pairs and different workloads.  
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APPENDIX – A 
 
A.1.  SEM photos of various adsorbents 
 
 Figure A.1. SEM photo of Activated Carbon AC-1500. 
  
Figure A.2. SEM photo of Activated Carbon Fiber (ACF-15). 
 
 Figure A.3. SEM photo of Maxsorb III.  
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A.2.  Isotherm equilibrium expression for Maxsorb III Activated   
         Carbon and n-Butane working pair 
 
Isotherm equilibrium data of Maxsorb III Activated Carbon and n-Butane working pair 
was yielded by conducting the CVVP (constant volume various pressure) experiment. 
In order to develop the isotherm equilibrium equation of this working pair, the 
experiment result data was fitted by two equations; Dubinin-Radushkevich (D-R) 
model equation and Langmuir isotherm model equation. Comparative analysis was 
conducted on these two models, and the result shows that Langmuir isotherm model 
equation can predict in good agreement with experiment result in term of standard 
residual error. 
  
A.2.1.  Experiment procedure 
 
In this study, the investigation was done by volumetric method and the adsorbent is 
only in contact with the pure n-butane throughout the experiments. This volumetric 
method setup shown in Figure A.5 is mainly composed with the adsorbent tank, dosing 
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tank and the temperature controlled adsorbed adsorbate source tank. The calibration of 
the charging and dosing tanks and including pipe connection had been done by 
charging 99.99% purity of helium and to be confirmed done again by 99.99% purity of 
Argon.  
The pressures in the two tanks were measured with two calibrated Kyowa’s PGS-A 
type pressure transducer ( hysteresis 0.06 % RO )  while five Pt 100Ω class A four 
wire resistance temperature detectors (4WRTD) T1 , T2 , T3, T4 and T5  were 
detected  the respective temperature as shown in Figure A.5. The temperature of  
adsorbent  tank and  charging  tank  can be controlled by  setting  up  in the  
temperature-controlled bath which is connected  with  HAAKE C35  digital 
temperature controller. The adsorbed adsorbate  source tank  was also put another  
temperature-controlled  bath  which is also connected  with other HAAKE C40 digital 
temperature controller  as shown  in  figure.  
During the experiments, Hewlett-Packard /Agilent 34970A Data Acquisition/Switch 
unit acquired all data from related pressure and temperature transducers. GW 
Laboratory DC Power Supply unit was also provided to pressure transducers to convert 
from half-bridge Wheatstone strain gauge measurement. All pressure transmitters, 
temperature sensors as well as the data logger were calibrated according to the national 
standards.  
The measurement of the dry mass of the silica gel was done by the calibrated moisture 
balance ( Satorious MA40 moisture analyzer; uncertainty 0.05% traceable to a DKD 
standard) at T = 413 K. Measurements were taken when the value shown on the 
balance is steady. By this way about 2.0-5.12357 g of activated carbon ( Maxsob III 
Msc 30 ) adsorbent was introduced into the adsorbent   tank . 
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The adsorbent tank was wrapped with flexible resistance heater which is controlled by 
SHIMADEN PID controller. The connectors among the tanks and sensor seats were also 
wrapped with heater tape. This is to prevent any condensation as condensation would 
result in significant errors in the pressure readings. The errors in pressure readings 
would indirectly lead to errors in the calculations of the actual mass of n-butane. 
To prepare the test system, which includes the adsorbent tank, charging tanks and the 
related piping, it was first purged with purified and dry argon gas before being 
evacuated by the vacuum pump. Thereafter, the test system is left isolated and the 
activated carbon adsorbent would then be regenerated internally at 160 C for 10 hours. 
When the regeneration process is completed, the test system would be purged and 
evacuated again. The regeneration process would then be repeated at 160 C for another 
8 hours. At the end of the second round of regeneration, the test system would be 
purged and evacuated again. The effects of the partial pressure of argon gas in the 
tanks was small, hence it can be assumed that there were no interactions between the 
argon gas and the adsorbent. When preparations of the test system were completed, 
adsorbed adsorbate n-butane would then be charged into the dosing tank. However, 
before charging, it was important to ensure that the temperature of the dosing tank is at 
least 10 K above that of the adsorbed adsorbate storage tank to prevent any 
condensation. Upon reaching the equilibrium pressure inside the dosing tank, the tank 
was isolated from the storage tank. The mass of the n-butane could then be determined 
with the logged pressure and temperature readings. Subsequently, temperatures of the 
tanks would be increased to simulate the actual temperature ranges in the adsorption 
chiller. Upon reaching thermodynamic equilibrium at the desired temperatures, the 
valve (V1) connecting the dosing and charging tank would be opened. Both tanks 
would then be allowed to approach equilibrium. Adjustments of the temperatures of 
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the tanks were done via the temperature-controlled bath.The un-adsorbed mass in the 
test system could be measured at a different temperature and pressure with the initial 
mass of the n-butane was known. Before the start of every run, the test system would 
be purged with dry and purified argon gas before evacuating with the vacuum pump, 
while the adsorbent would be regenerated. After the preparations, n-butane at different 
initial pressures would be charged into the dosing tank to enable the measurements 
along the isotherms. To ensure repeatability within the reported experimental 
uncertainty, every run with different test conditions was repeated at least two times. 
 
A.2.2.  Results and Discussion  
 
The experiments with volumetric method have been carried out across assorted 
adsorption equilibrium temperature and pressure (298.15 K, 308.15 K, 318.15 K and 
328.15 K). The experimental results of isotherm temperatures and its related 
equilibrium pressures are shown in Table A.1. 
 
Table A.1. The experimental data of adsorption equilibrium isotherm 
temperature and its pressure. 
 
Temperature (  328.15 K )    Temperature (  318.15 K ) 
Pressure (  kPa ) q* ( kg-kg-1)   Pressure (  kPa ) q*(kg-kg-1) 
25.2456805 0.412709444   20.8585  0.429273408 
31.703205  0.458619032   26.8585  0.482332255 
39.104965  0.494874042   33.398285  0.522800698 
44.942465  0.521530359   38.94706  0.549921574 
69.602745  0.559725019   62.1745  0.593353667 
109.3463425  0.591607982   99.4446345  0.631914257 
158.15496  0.624767372   148.417155  0.655197615 
230.19205  0.660952883   216.486925  0.697768878 
286.4389123  0.681134202   270.135647  0.710124342 
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Temperature (  308.15 K )    Temperature (  298.15 K ) 
Pressure (  kPa ) q* ( kg-kg-1)   Pressure (  kPa ) q*(kg-kg-1) 
17.331395  0.445971011   14.967385  0.466573817 
22.631395  0.503778918   18.967385  0.522874441 
28.49633  0.547157288   22.97724  0.576388919 
32.86193  0.580607109   27.40543  0.609456748 
52.653455  0.640032774   44.92529  0.679694571 
89.65458  0.673225116   81.037185  0.709664761 
138.98448  0.684818208   127.850455  0.727463748 
203.8572  0.736016041   189.96297  0.782422709 
254.1364259  0.750112355   232.3356874  0.799564125 
 
These results are fitted with two renowned isotherm equilibrium models; D-R isotherm 
equation model and Langmuir equation model. The comparative analysis is carried out 
between these two models by using standard residual error method. 
 
D – R Isotherm Equation 
 
 
Polanyi (1914) was postulated the original isotherm equations based on the potential 
theory. The present-day potential theory may state as the adsorbed volume of 
adsorbate per unit mass of adsorbent is a function of an adsorption potential  ε  .  
                                       Va  =  f  (  ε )                                                          (A.1) 
where the adsorption  potential  ε  is defined as ; 
                         ε = R T  ln (  Ps / P )                                     (A.2) 
Dubinin (1960) and Lewis et al. (1950) found the better correlation of equation 2.6 as 
follow;         















ma ln                                                          (A.3) 
where Vm is molar volume  of the adsorbate in the  adsorbed phase. 
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y = -0.004x - 0.226
R2 = 0.9488
y = -0.0039x - 0.2175
R2 = 0.9359
y = -0.0039x - 0.2014
R2 = 0.9109
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There are two methods to determine the required parameters (Vo and D) for D-R 
isotherm equation namely; Least Square method (Equation A.6, A.7, A.8), and 
graphical method (the parameters is calculated from the slope of the ln(q) vs [ RT ln 
(Ps/P)]2 graph shown in Figure A.6).  
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Figure A.6. Linear fitting of D-R isotherm equation for Maxsorb III- n Butane 
working pair. 
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Figure A.7. The comparison between the experimental and D-R prediction results 
of the isotherm equilibrium expression for Maxsorb III - n Butane working pair. 
 
Langmuir Isotherm Equation 
 
The Langmuir isotherm equation is postulated that the fraction of coverage surface is 
related to the adsorbate’s concentration, adsorption rate, and desorption rate at a fixed 
temperature. The Langmuir isotherm equation can be driven from the fact that the rate 
of adsorption and desorption are equal at the equilibrium condition. 







                                
(A.9) 








θ                                                        (A.10)   
                                              
 
Where K=Ka/Kd denotes Adsorption Equilibrium Constant (kmol/m3)-1, Ce is the 
concentration of around the adsorbent (kmol/m3), θ represents fraction of coverage 
surface (-). Fraction of coverage surface is related to the number of adsorbed 
molecules on a surface divided by the number of molecules in a filled monolayer on 
that surface (that means (x) mass of adsorbed per (m) mass of adsorbent is directly 
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y = 0.0053x + 1.2122
R2 = 0.9809
y = 0.0062x + 1.2867
R2 = 0.988
y = 0.0074x + 1.357
R2 = 0.9909
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proportional to coverage surface fraction. So Langmuir isotherm equation can be stated 
as follows;      
  











                                                 
(A.11)    








                                                             (A.12) 
where qe denotes the adsorption uptake amount (kgadsorbate/kgadsorbent), and B represents 
Constant of coverage Surface and uptake mass relation ( - ). The required parameters 
(K and B) of Langmuir isotherm equation also can be evaluated by using Least Square 
method (Equation A.13, A.14, A.15) or Graphical method (See in Figure A.8). 
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Figure A.8. Linear fitting of Langmuir isotherm equation for Maxsorb III- n 
Butane working pair. 
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Figure A.9. Linear relation of Adsorption constant K and Coverage Surface 
constant B to the temperature for Langmuir isotherm equilibrium equation of 
Maxsorb III - n Butane working pair. 
 
 
Bothe adsorption constant K and coverage surface constant B are linearly related to the 
temperature T , which shown in Figure A.9. The constants K and B can be calculated 
from the temperature T by using the slope equations (K= -2.38T+939.58, B= - 0.004T+ 










Figure A.10. The comparison between the experimental and Langmuir prediction 
results of the isotherm equilibrium expression for Maxsorb III - n Butane 
working pair. 
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Assisting with these slope equations, Langmuir equation can predict the isotherm 
equilibrium. These prediction results are in good agreement with the experimental 
result, which shown in Figure A.10.  
The comparative analysis between these two methods is carried out by using five 
different Error methods. According to the analysis result (Table A.2), it shows that 
Langmuir equation which has less error can deliver better prediction than the D-R 
isotherm equation.  
 
Table A.2. The residual errors of the comparative analysis between Langmuir 




 Comparative analysis 
 
Sum of the square of 
the error 
Sum of the absolute of 
the error 
The  average relative 
error 
The  average relative 
standard error 
Sum of the squareroot 
of the error  
 
 





 Langmuir D-R Langmuir D-R Langmuir D-R Langmuir D-R Langmuir D-R 
55 C  0.0009527 0.0011101 0.0806147 0.0851809 0.0157266 0.0180112 0.0186561 0.0229397 0.0175891 0.0216277 
45 C  0.0008502 0.0014659 0.0797418 0.0929457 0.0149574 0.0188183 0.0171013 0.0246722 0.0161233 0.0232612 
35 C  0.0014710 0.0028924 0.0912746 0.1297211 0.0161953 0.0240846 0.0210977 0.0312056 0.0198911 0.0294209 
25 C  0.0025065 0.0044688 0.1276150 0.1738395 0.0218575 0.0300349 0.0267557 0.0366583 0.0252256 0.0345617 
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APPENDIX – B 
 
B.1.  Thermodynamics framework for energy and mass conservation 
 
B.1.1. Mass Balance Equation 
Reynolds transport theorem is an integral form of continuity equation. This integral 
equation can be derived to a differential form by using Gauss’ Theorem or Divergence 
Theorem, and the equation is as follows; 




ρρ                                                         (B.1) 
 
B.1.2. Momentum Balance Equation 
The momentum equation derived from the Newton’s second law of motion is that the rate 
of change of momentum is equal to the sum of body forces F which acting through the 
mass of the fluid element (such as gravitational force) and surface forces P which acting 
on the boundary (pressure and friction).   
















                                         (B.2) 
If the pressure tensor P is symmetric Pαβ = Pαβ , in tensor form of the above equation can 
be described as follows; 
                                      k
k
k FdivPDt
Dv ∑+−= ρρ                                                            (B.3) 
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=   is applied in the left side of the 
equation, and the above equation becomes as follows; 




∂ ρρρ )(                                           (B.4)   








                                            (B.5) 
 
B.1.3. Energy Balance Equation 
B.1.3.1.  Kinetic Energy Balance Equation 
This kinetic energy equation is derived from the momentum equation (B.3) by multiplying 
both sides of equation with v, the equation is as follows; 
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In tensor form of the above equation is as follows; 

















ρρ                          (B.8) 















= ∑∑: , and to treat the left side term of the 






=  with ρ. 
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=                                               (B.10) 





is substituted in the second term of the 
right side equation (B.10), 





D ρρρρ                                            (B.11) 
According to the multiplication of derivation,  





=                                                         (B.12) 
Based on the above equation, kinetic equation (B.8) can transform as follows; 




















ρρ               (B.13) 
 
B.1.3.2. Potential Energy Balance Equation 
Potential energy balance equation of microscopic level is derived from the principles of  
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energy conservation (De Groot, S.R. 1962), and it is shown as follows; 











)( ρψρψρψ                          (B.14) 
By combining the kinetic energy (B.13) and potential energy (B.14) equations, 
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B.1.3.3. Total Energy Balance Equation 
Total energy balance equation of microscopic level can be expressed as follows; [Groot, 
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B.2.  Categorize the adsorption operation mode based on the adsorbate concentration 
A. Concentration of adsorbate  is dynamic 
( Closed System ) 
 
B.  Initial adsorbate concentration is constant 
Closed System Continuous Flow System 
1.  Two Variables (  Concentration  and  
Uptake mass ) at  a  specified isotherm 
temperature . 
1.  One Variable (  Uptake mass ) at  a  
specified isotherm temperature 
1. Two Variables (Uptake mass, 
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B.3.  Mass transport equation of sorption process 
 
The change of spatial uptake amount of adsorbate in the adsorbent pallet is also equal 
with gradient concentration in the pellet, so that we can apply Fick’s second law of 







Figure B.1. Type RD silica gel adsorbent and adsorbate’s concentration profile. 
 
Since type RD silica gel adsorbent which is selected for this study is spherical shape 
pallet, the Fick’s diffusion equation 3.18 can be expressed in spherical form of second 
order partial differential equation;   












∂                                                          (B.17)  
where Ds,p is  surface or pore diffusion coefficient, and  r is radius of adsorbent. The 
average uptake amount of adsorbate by adsorbent pallet is linearly proportional to a 
driven force defined as the difference between the equilibrium uptake amount at 
specific condition and current uptake amount known as Linear Driven Force Model. 
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1                                                            (B.19)      
where Vpallet is sphere volume,  Vpallet =4/3πr3,   24 rdr
dV π= ,  and   drrdV 24π= . 
Hence, Equation B.19 can be expressed as follows;                                              
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3                                                               (B.21) 
Equation B.21 is differentiated by time increment dt  both side, and it can expressed as 
follows; 











=                                                     (B.22) 
Equation B.17 is substituted in Equation B.22, and this equation become as follows; 






























∂                                (B.23) 
Equation B.23 can be simplified as follows; 















∂ 3                                                     (B.24) 
The concentration profile in the spherical adsorbent pellet  
with micropore dominant structure is             q = a0+ a2 r2,                                    (B.25) 
with combine of  meso and micro pore structure is          q = a0+ a2 r2+k                (B.26) 
Boundary condition of the spherical pallet adsorbent  is 
                            *qq =           at          r  =  Rp                                           (B.27) 




q           at           r  =  0                                             (B.28)   
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For the adsorbent silica gel type RD, we assume that the adsorbent structure is as a 
comibne meso and micro pore structure. By using the boundary condition Equation 
B.27and concentration profile equation B.26,   Equation B.24 can be stated as follows; 
                                           q*= a0 + a2 Rp2+k                                                           (B.29) 
Concentration profile equation B.26 is substitude in equation B.21; 













33 +∫∫ +==                                (B.30) 






3                                                                  (B.31)                         























                                         (B.32) 
Equation B.32 is subtracted from equation B.29; 























20                                            (B.33) 






2* 22                                                                   (B.34)   

























1)2(                                                                    (B.36)  
The value of (2+k) from equation B.36 is substituted in equation B.34, then the 
equation becomes as follows; 













*                                                                      (B.37)      
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                                                                 (B.38) 
Equation B.38 is substituted in equation B.24, then the equation can be expressed as 
follows;  












∂ *53                                                              (B.39) 










∂ *315 2                                                            (B.40) 
For the spherical pellet of type RD silica gel, Chihara and Suzuki et al, (1983) 

















q ps  ] 
with their experiment result data. The result shows that k = 0, and Ds can be expressed 
with Arrhenius equation [ Dso exp ( ΔE/RT )] where Dso is pre-exponential factor or the 
frequency factor, ΔE represents the activation energy, and R is universal gas constant. 
Hence, the mass transport equation for solid sorption process of adsorption chiller 
cycle can be expressed as follows;                                                                                     



















2                                          (B.41) 
This mass transfer equation is applied for calculation of kinetic uptake of adsorbent in 
the simulation model at Section 5.5.  
 
 
B.4.  Derivation of microwave energy flux 
 
This is the surface interaction of energy flux density vector P = E x H, or also known  
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as the Poynting vector. The ingoing energy flux over a closed surface can be defined as   





           ∫∫∫∫ ⋅×−=⋅−= SS dSHEdSPP                                                (B.42)  
                      ( )∫∫ ⋅×−= Savg dSHEP Re2
1                                                      (B.43)  
The Maxwell-Ampere Law (or Maxwell’s current equation) is curl of magnetic field 
vector which is equal to the combine of current density vector and time-varying of 
electric flux density. It can be expressed as follows; 





+=×∇                                                                 (B.44)  
where J is current density (J = σ E), σ is conductivity, D is electric flux density (D = ε 
E), and ε is permittivity respectively. The Maxwell’s current equation (Equation B.44) 
can be transformed into time dependent differential form as follows; 






εσ                                                              (B.45)  
This differential form of equation has solutions over a wide range. For simplicity , we 
assume that the variation of electric field strength and magnetic field strength as 
sinusoidal steady state waves[Carl T.A. Johnk] where the E and H follows the factors 
cos(ωt+θe) and cos(ωt+θh), in which θe , θh denote respective phases and ω is the 
angular frequency. The alternative but equivalent formulation is achieved if the fields 
are assumed to vary according to the complex exponential factor ejωt. This assumption 
CV 
E x H S  surface 
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leads to a reduction of the field functions of space and time to function of space only, 
and it observed as a complex time harmonic differential form in the followings;  
                          ∇x H = σ E + j ωε E                                                          (B.46)  
where ω denotes angular velocity of electromagnetic wave, ε is the absolute 
permittivity ( ε = εo εr ) of the control volume, εo is free space or vacuum permittivity,  
εr is relative permittivity or dielectric constant (εr = ε’- j ε”). Equation B.46 is 
expanded to give; 
                                  ( )EjjEH o εεωεσ ′′−′+=×∇                                     (B.47)  
Both sides of the above equation are multiplied by dot product E, and the equation 
become as follows;  










σεωε                (B.48)  
Similarly, Maxwell-Faraday law postulate that curl of electric field vector is equal to 






=×∇                                                         (B.49)  
where B is magnetic flux density (B = µ H ), µ is permeability of material (µ= µ0µr ),  
µr represents relative permeability of material ( µr = µ’+jµ”), µ0 is free space or 
vacuum permeability, time dependent differential form yields as follows;      






µ                                                     (B.50) 
Since the magnetic field strength is sinusoidal steady state wave form, the above 
equation can transform into complex time harmonic differential form,  
                                            ∇ x E = -jωµo ( µ’-jµ” ) H                                          (B.51) 
Both sides of the above equation is multiplied with dot product with H,  
                          ( ) HHjHHHE oo ⋅′−⋅′′−=⋅×∇ µωµµωµ                      (B.52)  
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Equation B.48 is subtracted from Equation B. 52, then 










σεωεµωµµωµ                                                                                                                                        
                                                                                                                                  (B.53)  
According the divergence theorem ( ) ( ) ( ) EHHEHE ⋅×∇−⋅×∇=×⋅∇ , the 
following equation yields from the above equation.   










σεωεµωµ                           
                                                                                                                                  (B.54)  
Using the Gauss-Ostrogradskii theorem [Pg.62 MW-6], the average of microwave 
energy can be expressed as follows;  
                    ( ) ( )( ) dVHEdSHEP
VSavg ∫∫∫ ×⋅∇−=⋅×−= Re2
1Re
2
1                       (B.55)  
The right side term of  the Equation B.55 is substituted with Equation B.54 and 
observed as follows;                                   



















1                        (B.56)  
The first term of the right hand side of Equation B.56 is the dissipated energy due to 
the variation of magnetic field strength and the second term of the right hand side is 
the microwave energy due to the changing of electric field intensity. To simplify the 
microwave energy equation, energy dissipated due to magnetic field changing is equal 
with the energy due to electric field varying ( P.63 MW 6), the equation becomes, 










σεωε                                             (B.57)  
If the medium of control volume (load) under the electromagnetic field is non metallic 
material, the value of σ/ωεo becomes very small and it can be neglected [5]. Then the 
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dissipated energy at the control volume due to microwave irradiation can be observed 
as;  
VEfP oavg
22 εεπ ′′=                                               (B.58)  
 where f denotes the frequency of electromagnetic wave, and V represent the volume of 
the system.   
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APPENDIX - C 
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Figure C.1.  Calibration of infrared temperature sensor with 4WRTD and Master 
thermometer. 
 




Figure C.2. Calibration certificate of Raytek GmbH Infrared temperature sensor.  
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C.2.  Comparative analysis between the models to evaluate the kinetic  
        uptake. 
 The objective of this study is to determine the best kinetic uptake model for Type RD 
Silica gel-Water working pair. In order to reach this achievement, comparative 
analysis is carried out among the linear and non linear regression models derived from 
the pseudo first order and second order reaction equations.  
C.2.1.  Determine mass transfer coefficient from First order reaction equation  
First order reaction equation also known as linear drive force model is widely used in 
adsorption process because of its simplicity. The equation is as follows; 





                                                                        (C.1) 
C.2.1.1.  Linear model of First order reaction equation 
Mass transfer coefficient can be determined from the linear model equations which are 
developed by integrating the First order reaction equation (Equation C.1). The 
derivation is stated as follows; 
 
- ln ( q*-q ) = ksa  t  +  Constant                                           (C.2)               
If the initial condition of uptake q is zero at time t is zero, then the constant is as 
follows;                            Constant  = - ln ( q* )                                                       (C.3) 
The linear model equation of the first order reaction equation for calculation of mass 
transfer coefficient can be described as follows; 
                                           ln ( q* - q ) = ln q* - ksa t                                            (C.4) 
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  (Or)                                  Log ( q* -q ) = Log q* - ksa t / 2.303                           (C.5) 
C.2.1.2.  Non-linear model of First order reaction equation 
Mass transfer coefficient (ksa) can be calculated from the non-linear model equations 
which are derived from the First order reaction equation (Equation C.1) by using 
Laplace Transform method, and derivation is stated as follows;
 
 




                                                                     
(C.6) 
   F (s) ( S – ksa  )  = ksa q* / S                                                 (C.7) 
   F (s) =ksa q* / { S( S - ksa  )}                                                 (C.8) 





+                                               
 (C.9) 
                                   q (t) = q* { 1-exp( -ksa t )}                                                  (C.10) 
C.2.2.  Determine mass transfer coefficient from Second order reaction equation  
Second order reaction equation also known as Pseudo-second order equation has the 
ability that it can predict the isotherm equilibrium with lesser error than the other 
method. The equation is as follows; 




                                                                            
(C.11)
 
C.2.2.1.  Linear model of Second order reaction equation 
Mass transfer coefficient can be determined from the linear model equations which are 
developed by integrating the Second order reaction equation (Equation C.11). The 
derivation can be stated as follows;
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                                     (C.12) 








                        
(C.13) 




                              (C.14)  








+=                                   (C.15) 
From  equation ( C.15 ); 











=                             (C.16) 








sasa −=                          (C.17) 









2 −=                       (C.18) 
K.Vasanth Kumar et al., (2006) carried out the comparative analysis among these five 
types of linear models derived from Second order reaction equation.  The result shows 
that Type I  Ho  model (Equation C.15) is able to predict mass transfer coefficient 
(ksa)with the least error among these models. Therefore, Ho Type model is selected in 
this study of comparative analysis from these five linear models. 
 C.2.2.2.  Non-linear model of Second order reaction equation 
Mass transfer coefficient (ksa) can be determined by using the non-linear model 
equations which are derived from the Second order reaction equation (Equation C.14). 
Then, the Equation C.14 becomes as follows;  
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UPTAKE RATE & PSEUDO SECON ORDER AT 31 C
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                         qtqktqkq sasa **
2 −=                                              (C.19) 








sa                                                                (C.20) 








sa                                                                   (C.21)    
C.2.3.  Results and Discussion 
The kinetic uptake data of Type RD silica gel-water working pair yields from the 
experiment conducted by using Thermal Gravimetric Analyzer (Cahn-2121TGA) 
method. The systems comprise the following: (i) the pressure control or regulator unit, 
(ii) the cooling system for the furnace, (iii) the positive displacement vacuum-pump, 
(iv) the vapour generator, and (v) the pressure and temperature measuring and data 
acquisition system. The adsorbate (water vapour) is produced by heating a stainless 
steel vessel containing a pool of water in a tightly sealed chamber. The vapour is 
delivered to the measuring reaction chamber or tubing via an electric-heater lined 
flexible s.s. tubing and considerable steps are taken to ensure the tube wall temperature 
is always maintained above that of the saturation temperature. The experiment results 







Figure C.3.  Profile of kinetic uptake rate and its linear form at 304.16 K . 
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y = 10.845x + 2452.2
R2 = 0.9989
y = 12.965x + 2905.2
R2 = 0.9973
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Figure C.6.   The linear relation between t and t/q for Ho linear model. 
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Table C.1 shows the list of error of the comparative analysis which is carried out 
among the linear and non linear model derived from First order and Second order 
reaction equations. 
Table C.1. The lists of errors of the comparative analysis among the linear and 
non linear model of First order and Second order reaction equations.  
 






















R2 * 0.8342 0.6458 0.7405 
















R2 * 0.9681 0.9762 0.9801 
























R2 * 0.9991 0.9982 0.9987 
















R2 * 0.9923 0.9854 0.9923 
Ksa Sec-1 0.0587 0.0043 0.0057 
 
This comparative analysis clearly shows that Ho Linear model from Second order 
reaction equation can perform to achieve the best fit with the experiment result. This 
finding of the best fit with Ho model for Type Rd Silica gel-water working pair agrees 
with the result of Activated Carbon-Hydrocarbon fluid working pair conducted by 
K.Vasanth Kumar et al., (2006).  
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C.3.  Surface current’s distribution on the metal surface and photo   
of experimental set up. 















Figure C.8. Experimental set-up for the analysis of microwave-activated 
desorption process. 
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APPENDIX – D 
D.1.  Fundamental terms and equations of electricity and magnetism                
           
           

































1. Electrostatic force ( F )  is occurred because of    
                                              static charge                             
















F = Electrostatic  force  
Q = Static Charge    ( Columns ) 
r = Distance ( m ) 
 =  Absolute Permittivity  or     Dielectric( F/m)    [  =  o  r  ]     
 o = Free Space or Vacuum  Permittivity  [ 8.85x10-12   ( F/m  ) ] 
r = Relative Permittivity  or  Dielectric Constant     [  Unit less ] 
 






  = Magnetic line   ( Weba ) 
Current I  or 
 
 
£  = Magnetic force 
N =  No of wire turns , I  = Current   
 
2. Electric field intensity ( E )  is defined as the electrostatic 










Q  E = F/Q   (  V/m )
 
2. Magnetic field intensity ( H )  is defined as the intensity of  
magnetic field. 
                                   H = B/  
 
H = Magnetic field intensity ( A/m )        
 =  Permeability of material  ( H/m)  ( Henery/meter )     
              [    = 0r       ]              
r = Relative permeability of material   
0 = Free space or vaccum permeability         [   4  x 10-7 ( H/m )  ]  
 
3. Electric flux density ( D ) is defined as the density of  
electric field line . 












3. Magnetic flux density ( B ) is defined as the density of magnetic flux 




           
B = / A      ,    B= H                   
B = Magnetic flux density ( Tesla ) (  Weba/ m2 ) 
A = cross section area ( m2 ) 
 
4. Current Density ( J ) (  A / m2 )  
                  J  =   E 
 
5. Conductivity (  ) (   Sieman/meter ) ( S/m ) 
                = 1/R  ( 1/m ) 
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mu_o=4*pi*1e-7; % Permeability of free space 
eps_o=8.85e-12; % Permittivity of free space 
  
%__________________________________________________________________ 
% Enter the waveguide dimensions and other parameters 
%__________________________________________________________________ 
  
aa=input('Enter the waveguide dimension a in cm (x-axis):   '); 
bb=input('Enter the waveguide dimension b in cm (y-axis):   '); 






%   Specify the distance at which the field is observed 
%____________________________________________________________________ 
  
plane_y=input('Enter the distance y at which the field is to be 
observed in the x-z plane (cm):  '); 
plane_z=input('Enter the distance z at which the field is to be 





%   Enter the mode indices 
%____________________________________________________________________ 
  
disp('Enter the mode indices. Note that the lowest TE mode has 
indices 1,0'); 
indexm=input('Enter the mode index "m" of chosen mode :     '); 
indexn=input('Enter the mode index "n" of chosen mode :     '); 
  
%____________________________________________________________________ 
%   Enter the corresponding frequency 
%____________________________________________________________________ 
  
freq=input('Enter the frequency in GHz (e.g. 2.45):     '); 
  
%____________________________________________________________________ 
%   Enter the material properties (real part only) 
%____________________________________________________________________ 
  
eps_r=input('Enter the material properties (real part only):    '); 
  
%__________________________________________________________________ 
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% Fields components 
%____________________________________________________________________ 



















































- 204 - 
 
ylabel('y-axis (m)'); 


























disp('   '); 
disp('   '); 
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